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ABSTRACT
Hurricanes are one of natures most destructive forces. Hurricane intensity, track, 
and speed of motion are possibly die most important features to forecast in order to 
reduce die risk to life and properly. This research uses die Geostationary Operational 
Environmental Satellite (GOES) water vapor channel to investigate die relationship 
between water vapor and hurricane track
GOES 8 satellite data was collected at die Louisiana State Univanity Earth Scan 
Laboratory for 30 Atlantic Basin tropical cyclones for die 1998,1999, and 2000 
hurricane seasons. GOES 8 water vapor channel radiance temperatures were 
smoothed and contoured at 1° Celsius intervals to display a contoured radiance 
temperature field. Radiance temperature field features identified through the analysis 
included dry areas, dry cores, vapor fronts, moist areas, and moist tongues.
The hypothesis that a tropical cyclone wifl not move toward the nearest dry core 
was tested. Statistical results suggest that a storm center will not move toward the 
nearest dry core is viable through a 72 hour period for dry cores within 620 km ± 289 
km of die storm center. It has been found that a dry core can only affect the hurricane 
track but not die hurricane's intensity.
A Hurricane Water Vapor Radiance Temperature Field Analysis Technique is 
proposed based on relationships identified between water vapor features distinguished 
in the contoured radiance temperature fields and storm track. The technique utilizing 
water vapor imagery is proposed as an additional aid for forecasting storm track
xxviii
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CHAPTER I. INTRODUCTION
Hurricanes are one of natures most destructive forces. A hurricane is a severe 
tropical cyclone, with wind speeds of 64 knots or greater, occurring in the North 
Atlantic, Caribbean Sea, Gulf of Mexico and in die eastern Pacific. They have 
devastated areas in die world and killed thousands of people. Examples o f this 
devastation are the Galveston, Texas, hurricane in 1900, which left approximately
6,000 people dead, and die Okeechobee hurricane in South Florida in 1928, in which 
approximately 2,000 people died (Simpson and Riehl, 1981 \ the Bangladesh cyclone 
in 1970 which resulted in approximately 300,000 people dead (Anthes, 1982), and 
Mitch in Central America in 1998 which caused an estimated 9,086 deaths (Guincy 
and Pasch, 1999). Improvement in storm track forecasting can result in a reduction in 
die loss of life as well as economic savings.
A hurricane's intensity, speed, and track are possibly die most important features to 
forecast in order to reduce its impacts. A very intense storm wiO usually cause greater 
damage to an area and a greater risk of life than a less intense one. Prior knowledge 
of the location that a storm will make landfall allows for better preparation to reduce 
loss of life and property damage; thus, research to further the understanding of storm 
motion to aid track forecasting can result in economic savings and a reduction in the 
loss of life.
Most tropical cyclones originate over the world's tropical oceans. These areas, in 
general, are remote and have minimal weather observations. Weather observations
1
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for these areas are usually only obtained from ship reports, island observers, ocean 
buoys, and land stations bordering the oceans. There has been an evolutionary 
development of technology resulting in improved weather satellites since the 1960's. 
Weather satellites, launched in die 1960's, provided a tool for observing remote 
tropical ocean areas. Today, most of die tropical oceans are being monitored by 
weather satellites which detect the initial development of tropical weather systems 
that sometimes grow into intense hurricanes which threaten populated areas.
Since the mid 1960’s, there has been continuous coverage of the tropical regions by 
meteorological satellites and there has been no undetected tropical cyclones anywhere 
on earth. Many lives are now saved due to early detection and advanced warnings of 
approaching tropical cyclones. These tropical cyclones are tracked and satellite 
images are analyzed to forecast intensity' changes and their future track. The satellite 
imagery used are received from die various satellite systems, including the United 
States National Oceanic and Atmospheric Administration (NOAA) Polar Orbiters and 
Geostationary Operational Environmental Satellite (GOES). Instruments onboard the 
satellites record images at different wavelengths from various channels including the 
visible, infrared, and water vapor channels.
The satellite sensors for die water vapor channel utilizes water vapor 
characteristics to detect atmospheric water vapor. Water vapor (H20 ) is the 
atmospheric gas which plays a dominant role in thermodynamic processes due to its 
phase changes; from water vapor into clouds, snow, ice and vice versa (Hsu, 1988).
2
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Bjerknes (1938) indicated that tropical disturbances with the most rapid growth rates 
are the ones with horizontal scales similar to cunuihis clouds. This can be explained 
physically due to die fact that buoyancy is greater for dun updrafts than for broad 
updrafts, with die exception of cases where entramment is occurring. As a result, 
most of die latent heat released in hurricanes is in buoyant cumulus convection 
because equivalent potential temperature (6() decreases with height up to the 600 mb 
level (Gray and Shea, 1973). The equivalent potential temperature (OJ is the 1,000 
mb level temperature o f an air parcel which has been lifted to sufficient height in the 
atmosphere that aO the moisture has been squeezed out then descending the parcel to 
die 1,000 mb level to determine die temperature. At die 1,000 mb level die 
temperature is read and that is the equivalent potential temperature of the air parcel 
At heights greater than 600 mb, ascent of saturated air may produce stable, layered 
clouds, and nonconvecdve latent heat release.
Ooyama (1964) and Chamey and EKassen (1964) recognized that circulations 
associated with cumulus clouds, and larger-scale tropical disturbances which have 
cumulus clouds embedded in them, can enhance each other. Therefore, cumulus 
cloud cooperation rather than competition can result in the growth of tropical 
disturbances by the cumulative effects of die cumulus clouds, this phenomenon is 
known as Conditional Instability of die Second Kind (CISK), (Andies, 1982). Espy 
(1841) explained that condensation of water vapor, which primarily occurs in cumulus 
convection, is die primary energy source of hurricanes. Andies (1982) indicated that a
3
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one percent increase in water vapor results in an equal increase in cumulus 
convection. Increased heat released from the cumulus convection produces stronger 
upward motions which generate greater upper-level divergence and low-level 
convergence which are conducive to hurricane development The increased upward 
concentrations of water vapor in die convection increase the middle-level relative 
humidity which results in a decrease in the evaporation of liquid water in and around 
cumulus clouds. Consequently, areas of greater water vapor content, which are 
depicted in water vapor satellite imagery by colder radiance temperatures (lighter 
areas), are more conducive to tropical disturbance development through the process of 
cumulus clouds enhancing each other and producing conditions pointed out by Andies 
(1982). Conversely, areas of less water vapor content, which are depicted in satellite 
water vapor imagery by warmer radiance temperatures (darker areas), are less 
conducive to tropical disturbance development, maintenance, and growth.
These above mentioned relationships associated with cumulus convection and 
tropical disturbances can be observed by satellite water vapor channels which can be 
used as a tool for the study of tropical disturbances of various intensities. The 
relationships between tropical disturbance tracks and water vapor dynamics could 
possibly be depicted by water vapor smoothed radiance temperature imagery.
One usage of weather satellite imagery is die analysis o f water vapor channel data 
to aid in forecasting a storm's track. The water vapor channel imagery has been used 
to determine the mean atmospheric wind flow patterns at various heights (Stewart et
4
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aL, 1985; Merrill et aL, 1991; Vcldon, 1995; Vcldon, 1996; and Vcfalon et aL, 1997). 
Additional research wing water vapor imagery was conducted by Dvorak and Mogfl 
(1994), who examined more than 30 hurricanes to study interactions between weather 
features in die imagery and tropical systems.
The current research uses smoothed water vapor radiance temperatures to 
numerically quantity GOES water vapor channel moisture. Previous research in 
peer-reviewed literature have not used smoothed water vapor radiance temperatures to 
numerically quantify water vapor moisture. The relationships between features 
depicted by the numerically quantified moisture in the water vapor imagery and 
tropical systems wifl be decided. The results of this research will be useful as an aid 
in forecasting future tracks of tropical systems and will result in a better 
understanding of die dynamics depicted in die water vapor imagery.
A literature review (Chapter 2) follows which describes die hurricane structure, the 
Geostationary Operational Environmental Satellite (GOES) system, as well as current 
theories and research on GOES water vapor, and hurricanes related to water vapor. 
Chapter 3, the dissertation Objective and Rationale, presents the dissertation 
hypothesis and the objective and rationale for die research. Chapter 4, the 
Methodology, presents the data set, research methods, and statistical methods which 
were used in this research. Chapter 5, the Analysis and Results, describes tire 
dissertation analysis and results and presents explanations for those results. Chapter
5
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6, die Summary and Conclusions, presents the summary and conclusions obtained 
from the research results.
6
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CHAPTER 2. LITERATURE REVIEW
Undemanding die structure and motion of a hurricane enables scientists to predict 
areas which will be impacted by the most intense portion of a storm. Many scientists 
have conducted research on hurricane structure, including Simpson and Riehl (1981X 
and Anthes (1982). Satellite imagery has provided a useful tool to further the 
understanding of the structure of hurricanes.
Satellite data has been used since the 1960's for environmental, hydrological, 
meteorological, and oceanographical purposes. The United States and USSR 
pioneered operational uses of satellite technology. China, European Union countries, 
India, and Japan have also developed operational uses for meteorological satellite 
systems. Two primary meteorological satellite systems are the polar orbiters and 
equatorial orbiting geostationary satellites.
The operational meteorological satellites contain five spectral channels used to 
monitor die atmosphere at various wavelengths. The GOES system includes die water 
vapor channel which depicts atmospheric water vapor. Water vapor imageiy has been 
used to monitor hurricanes as early as Hurricane Camille in 1969. Numerous 
scientists have used water vapor imageiy in hurricane research including Dvorak and 
Mogd (1994) in a study of 30 hurricanes. A discussion, including theories and 
previous research on hurricane structure, meteorological satellites, water vapor, and 
the relationship of hurricanes and atmospheric water vapor is provided in this 
literature review.
7
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2.1 HURRICANE STRUCTURE
A hurricane is an intense low pressure center containing winds of 65 knots (75 
m.p.h.) or greater. Hurricanes develop over warm ocean waters. There are conditions 
which have been recognized as necessary, but not sufficient conditions for hurricane 
development to occur. They are: 1. Sea surface temperatures greater than or equal to 
26.5° C (80° F) over a 500 square mile area; 2. A sufficient Coriolis parameter, which 
usually occurs at a distance of 5 to 7° latitude or greater from the equator, 3. A 
preexisting tropical disturbance; 4. Slight vertical wind shear of the horizontal wind; 
and 5. Low-level absolute vortkity.
It has been observed that warm sea surface temperatures (26.5° C) (1) is necessary 
for hurricane development. Anthes (1982) noted that Paimen (1948) first mentioned 
this threshold but the reason for die 26.5° C temperature is not known. The wanner 
ocean temperatures will allow for ascent of air flow which is necessary for convective 
development. The Coriolis parameter (2) must be great enough to allow for sufficient 
spin for rotational flow to occur resulting in development o f a storm this typically 
occurs at approximately 5 to 7 0 latitude or greater from the equator. A disturbance 
(3) and slight wind shear (4) is necessary and when the other conditions are present, 
the disturbance may intensify.
Simpson and Riehl (1981) explained the characteristics o f absolute vorticity (S) in 
tropical oceans which are associated with hurricane development Near the earth’s 
surface convergent flow results in upward air flow because air cannot sink into die
8
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ground. Simpson and Riehl (1981) elaborated that increasing absolute vorticity is 
coupled with ascending motion and decreasing vorticity with descending motion. 
Therefore, where absolute vorticity increases deep cloud masses may develop, due to 
die upward air flow and release latent heat of condensation which is necessary for 
storm development.
Concentrated solid cloud masses are often detected by weather satellites over 
tropical oceans. These cloud masses frequently occur over areas which arc observed 
to have positive relative vorticity near die earth's surface. Simpson and Riehl (1981) 
pointed out that the concentrated cloud masses observed in satellite imageiy may not 
necessarily indicate that a vorticity increase has occurred or is occurring at the time of 
the satellite image, but it does indicate that a vorticity increase has occurred prior to 
die time of the image and may still be occurring. Therefore, in satellite water vapor 
imageiy, areas where moisture is concentrated or increasing should indicate that 
positive vorticity is occurring or has occurred. Conversely, dry areas would indicate 
that divergence and subsidence is occurring and vorticity is decreasing.
Many tropical disturbances occur each year where these conditions are present; 
however, tropical cyclones do not develop from every disturbance. Therefore, these 
are recognized as necessary conditions for a tropical cyclone to develop, but their 
occurrence is not sufficient for a tropical cyclone to develop.
There are several stages in the development of a mature hurricane. These stages 
include a tropical disturbance, easterly wave, tropical depression, tropical storm, and
9
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hurricane. A tropical disturbance is an area o f unsettled weather with little or no 
surface circulation and no strong winds. These disturbances can occur in the 
Intertropical Convergence Zone (ITCZ), along surface fronts, or as easterly waves.
The Intertropical Convergence Zone (ITCZ) is defined in die Glossary of Meteorology 
(Huschke, 1989) as die axis or portion thereof of the broad trade-wind current in the 
tropics. The axis is the dividing hne between the southeast trades and the northeast 
trades (of the northern and southern hemispheres, respectively). It is the convergence 
zone between the trade winds of die Northern and Southern Hemispheres. Actual 
convergence only occurs along portions of the ITCZ. Easterly waves are troughs of 
lower pressure in the easterly trades which generally move from east to west There 
are approximately 100 easterly waves which move through portions of the Atlantic 
Ocean each year, but only a small number of them develop low pressure centers.
They are more frequent in the summer months and centers of low pressure may form 
along them and develop into a tropical depression. A tropical depression is a closed 
center of low pressure with a counterclockwise (clockwise) circulation in the 
Northern (Southern) Hemisphere, containing winds less than 34 knots (39 m.p.h.). 
Once winds have increased to 34 knots, the system is classified as a tropical storm. A 
tropical storm has a definite low pressure center containing winds from 34 to 64 knots 
(39 to 74 m.p.h.). Once winds increase to 6S knots (75 m.p.h.), the tropical storm 
then becomes a hurricane. As previously defined, a hurricane is an intense center of 
low pressure with sustained winds of 65 knots (75 m.p.h.) or greater.
10
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A hurricane produces the strongest sustained winds in the earth's atmosphere.
Some hurricanes are weak and disorganized systems while others develop into very 
large destructive stonns. In its initial stage, the hurricane is characterized by a falling 
barometric pressure at its central core (eye) and increasing wind speeds surrounding 
die center. Initially, squalls surrounding the center may be disorganized, but as die 
storm strengthens, they form narrow bands which spiral inward toward the center. 
Hurricane force winds may only extend out thirty miles from die eye in a newly 
formed system. However this radius can extend outward to 400 km (230 miles) the 
radius o f Hurricane Gilbert 1988, by the time the hurricane reaches a mature stage. 
During the organization process, the clouds form a circular shape which expands 
outward as die system matures. A wed-organized hurricane is characterized by a 
circular mass of clouds with squall bands spiralling inward toward die central eye.
Figures 1 and 2 are a visible (Channel 1) and infrared (channel 4) Geostationary 
Operational Environmental Satellite (GOES 8) image, respectively, of Hurricane 
Georges (1998) at maturity. The kiw-level wind flow o fa  hurricane is directed 
inward toward the center of the storm, which is a convergent flow. The wind flow 
surrounding the core of the storm is directed upward to higher levels in the 
atmosphere, an ascending motion. The ascent of air upward essentially results in die 
vacating of air near the surface which results in lower barometric pressure. The air 
rises in the intense convective thunderstorms surrounding the eye. The air spreads out 
horizontally at the top of a hurricane, near the tropopause or lower stratosphere. This
11
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Figure 1. The Hurricane Georges GOES-8 visible image (channel 1) at 211S 
UTC September 27, 1998 which was received at die Earth Scan Laboratory, 
Louisiana Sate University.
12
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Figure 2. The Hurricane Georges GOES-8 infra-red image (channel 4) at 
2115 UTC September 2 7 ,1998 which was received at die Earth Scan 
Laboratory, Louisiana Sate University.
13
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results in higher pressure near the top of the hurricane, near the tropopause or lower 
stratosphere, as the air ascends to higher levels essentially resulting in an excess of air 
near die storm top. The excess air at the storm top is then directed outward away 
from the storm center (a divergent flow) which results in a downward movement of 
air, subsidence, at the stonns periphery and next to die convection of the intense 
thunderstorms.
Figures 1 and 2 depict a series of convective bands extending outward from the 
storm's center. The convective bands'heights decrease outward from die hurricane's 
center, reflecting die decrease in intensity outward from the storm's core. There is an 
upward air flow in each convective band outward toward die fringe areas of the storm. 
The air flows outward at higher levels of the atmosphere above the hurricane and 
there is descending motion of the air near the storms periphery. This structural wind 
flow produces a chimney effect around the core of die storm which is the eye of a 
hurricane. A hurricane eye, depicted in Figures 1 and 2 as the clear circular area at 
the center of the dense cloud cover, is an area where the winds are light or calm and 
there are no clouds. However, at times die eye can be obscured by high-level cirrus 
clouds which may flow over the storm's center. The diameter of the eye normally 
ranges from a few miles to possibly SO miles (80 km) but have been observed greater 
than SO miles (80 km) in some cases.
Subsidence occurs within the eye of the storm. The subsidence produces a 
warming at die center of die hurricane. Descending air warms at die adiabatic lapse
14
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rate. The dry adiabatic lapse rate is defined in the Glossary o f Meteorology (1989) as 
the rate of decrease of temperature with height of a parcel of dry air lifted 
adiabatically through an atmosphere of hydrostatic equilibrium. The lapse rate is g/cH 
where g is die acceleration due to gravity and is the specific heat of dry air at
constant pressure; equal to 9.767° C per km. Conversely the air is warmed as it 
descends in the atmosphere at the same rate, winch occurs in the eye of the hurricane. 
The eye wad is located at the periphery of die normally circular eye, which is the area 
of the most severe weather containing the highest towering clouds and greatest 
upward air flow. Convergence and rigorous convectional activity results in the 
upward air flow. The convectional component is strongest near the eye wall 
Beyond the eye wall the storm extends outward with the characteristic inward 
spiralling convective bands of squalls shown in Figures 1 and 2 with, as previously 
mentioned, decreasing cloud heights outward from die eye, indicating the decreasing 
intensity outward from the storm center. As a result, die severity o f die weather 
normally associated with a hurricane decreases outward from the eye to the storm's 
outer fringe areas. The decreasing intensity is depicted in Figures 1 and 2 by the 
heaviest concentration of clouds near the eye of Georges and thinner appearing clouds 
near the periphery of Hurricane Georges. Normally, die most severe weather is 
located in die northeast quadrant o f a Northern Hemisphere hurricane, which is 
considered to be located to the right of the direction of movement. Hsu (1988)
15
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pointed out that the primary energy cell is usually located on the right hand side of the 
storm track in the Northern Hemisphere.
Hurricane Georges contained 95 knot winds and was moving northwestward at die 
time of the images (Figures 1 and 2). Both images of Georges are classic examples of 
a well-structured mature hurricane. The eye is clearly visible and surrounded by 
intense thunderstorms. The most intense thunderstorms are depicted in both images 
as the brightest areas which represent the coldest cloud top temperatures. The 
imagery clearly depicts the inward spirahng convective cloud bands. The infrared 
image, Figure 2, is used to determine cloud top temperatures. The coldest cloud top 
temperatures arc associated with die most intense area of the hurricane, which, as 
previously mentioned, normally occurs in the forward right quadrant relative to the 
direction of motion. The visible and infrared satellite images of Georges, Figures 1 
and 2, are two examples which clearly depict die structure of a mature hurricane as 
die storm occurs in die atmosphere. The Imagery of Hurricane Georges demonstrates 
die usefulness of satellites depicting a tropical system. The structure of Hurricane 
Georges was depicted by a GOES meteorological satellite. Another weather satellite 
employed by the U.S. weather service is the Polar Orbiter, which is discussed in the 
following section.
16
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2.2 GOES (GEOSTATIONARY OPERATIONAL ENVIRONMENTAL 
SATELLITE)
The purpose of the Geostationary Operational Environmental Satellite (GOES) is 
to provide frequent data to detect, monitor, track, and forecast weather systems. The 
GOES system gathers data from thousands of sensing platforms throughout the 
western hemisphere and relays the data along with Search and Rescue (SAR) 
messages, Weather Facsimile (WEFAX), and processed imageiy to users (Komajda 
and McKenzie, 1987). The GOES has been placed in an earth synchronous orbit It 
completes one orbit above die equator in 24 hours, resulting in the satellite remaining 
stationary with respect to a fixed point on die earth, above the equator. The 
geosynchronous orbit enables the satellite to monitor one entire side (half) of the 
earth. This type of monitoring of the earth allows weather systems to be tracked and 
their evolutionary development to be recorded by frequent images. The images can be 
displayed in a series and, through die use of computers, can be viewed in time lapse 
motion. Wind measurements can then be calculated from die cloud motion. 
Monitoring and viewing die movement of clouds and weather systems has been useful 
in tropical regions for the early detection and monitoring of tropical cyclones.
NOAA, maintains two GOES satellites to monitor North America. The two 
satellites placed in orbit above the equator are the GOES East, maintained at 75° W, 
and die GOES West, at 135° W (Conway, 1997). The two satellites provide coverage
17
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far North and South America, the Pacific, and Atlantic Oceans. Therefore, the GOES 
provides coverage for the tropical Atlantic and eastern tropical Pacific regions.
The GOES system uses the Visible and Infrared Spin Scan Radiometer (VISSR) 
which is a multispcctral imager which can collect and transmit visible data and up to 
three infrared bands per scan line. The satellite spins at 100 RPM and with each spin 
the sensors on board are moved so that a different area o f the earth is scanned. The 
sensors scan the earth in horizontal lines which traverse die earth from north to south. 
This process creates a fuO earth disk image in 18.2 minutes (Conway, 1997). The 
next full scan starts 30 minutes after the last fuD scan image began. Smaller area 
scans can be done between die full scans to provide data on small scale features of 
meteorological interest There are times when the satellite is placed in a rapid scan 
period which can result in images being produced every IS, 7.S, 5, or 3 minutes, 
(Kidder and Vonder Haar, 199S). The rapid scan period is used during instances when 
severe weather is occurring, which includes times during hurricanes. During the rapid 
scan period, the full east-west extent of the imagery is obtained but the north-south 
extent is limited.
The current series of operational GOES satellites are the I - M series (I, J, K, L, M). 
After launch, they became GOES 8 -12  respectively ( 8, 9,10, 11,12). This phase 
began on 13 April 1994, with the launch of GOES 8 (Kidder and Vonder Haar, 1995). 
Several improvements to die GOES I - M instruments included an increase in spectral
18
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channels, higher resolution infrared and sounder, greater sensitivity, more rapid area 
coverage, and greatly improved accuracy for location.
The GOES I - M is a three axis stabilized satellite which enables the instruments to 
always point toward the earth (Kidder and Vonder Haar, 1995). Improvements in the 
GOES I - M scries satellite enabled die acquisition of higher-quahty sounding and 
higher spatial resolution image data (Menzel and Purdom, 1994). The improved 
version of the GOES was also capable of tracking stars for navigational purposes.
The GOES I - M system has separate imager and sounder instruments which enables 
the independent operation of each system simultaneously (Conway, 1997). The 
independent system operation results in improved control flexibility and sensitivity, 
greater synoptic enhancement, increased mesoscale observations, and increased ability 
to make observations during nonscheduled irregular periods. This includes the abOhy 
to interrupt the acquisition of frames which require lengthy time intervals to acquire 
and perform severe weather and storm observations. A shift to rapid scan, previously 
discussed in this section, can be used during these severe storm observational periods.
The time required for die GOES I -M series satellites to acquire images are 
approximately 25 minutes for a full earth image, approximately 3 minutes for 
scanning an area 3000 km by 3000 km, and approximately 45 seconds to scan an area 
1000 km by 1000 km (Komajda, 1987). It is also possible to position small scale 
mesoscale images to precise geographical areas and acquire repeated images for the 
site to observe weather features. The increased observational ability at irregular
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times, ability to interrupt the acquisition of long time duration images, and ability to 
repeatedly obtain images of a specific small-scale area greatly improves monitoring 
and forecasting severe weather events, including hurricanes.
Other improvements in the GOES I - M series included new multispectral sensors 
which improves imaging of cloud and storm diagnostics and enhances signal to noise 
characteristics for atmospheric sounding (Menzel and Purdom, 1994). Also a 
different format of data was utilized to retransmit raw data to receiver stations. A new 
ground data processing system has been used to allow a higher volume of data to be 
distributed to users. The GOES I - M search and rescue (SAR), using a dedicated 
system of SAR, is the first time this has been provided by a geostationary satellite 
(Menzel and Purdom, 1994). The newer version imager of GOES I - M has a scanner 
capable of moving from east to west and then back from west to east which provides a 
more efficient imaging process.
The imager onboard the GOES I - M series was designed as a 5 band multispectral 
system with high spatial resolution. The spectral bands (Channels 1 - 5) are visible, 
shortwave infrared, upper-level water vapor, longwave infrared, and an infrared 
channel which is more sensitive to water vapor than the shortwave or longwave 
infrared channels (Table 1). The system was improved over the older version GOES 
systems, in part due to the knowledge gained from the systems onboard the 
operational NOAA polar orbiters and earlier GOES oririters.
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TABLE 1
Geostationary Operational Environmental Satellite, GOES I - M
The United States geostationary meteorological satellites, GOES 1 - M series, has a 
five band multispectral imager onboard containing channels (I - 5 \ from NOAA.
Datatype
Daytime cloud and 
surface mapping 
fog, severe storm, 
pollution and haze
Nighttime fog and sea 
surface temperatures (SST) 
snow, ice, fire and volcano
large scale weather patterns 
middle tropospheric wind 
speed
Nighttime cloud and 
surface mapping 
heavy precipitation estimates 
severe stonn identification
Sea surface temperatures and 
(SST) volcano pollution 
low level water vapor 





2 Visible Near Infra
Red shortwave
3 Water Vapor
4 Thermal Infra Red 1
5 Thermal Infra Red 2
Resolution Wavelength Band 
1 km .55 - .75 pm
4 km 3.80- 4.00 pm
8 km 6.50 - 7.00 pm
4 km 10.20 - 11.20 pm
4 km 11.50- 12.50 pm
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The visible channel provides 1.1 km resolution. The GOES I - M linear response 
has increased stability and precision. The system uses star positions, which improved 
earth navigation from 3 -10  km. The GOES I - M imager simultaneously produces 
four thermal band infrared imagery (Menzel and Purdom, 1994). The GOES I - M 
system infrared bands, Channels 2,4, and 5, were improved to 4 km resolution and the 
Channel 3 water vapor band was improved to 8 km resolution. The GOES I - M 
system noise levels have been reduced and die accuracy has increased due to the 
onboard calibration brightness temperature of die GOES I - M being reduced to 1.0 K 
absolute accuracy and 0.3 K relative precision (Menzel and Purdom, 1994).
Therefore, the GOES I - M images are sharper due to die improved quantification in 
the visible bands, improved signal to noise, and higher spatial resolution in the 
infrared bands and water vapor channel. The NOAA polar-orbiting satellite images 
cover a particular site on earth two times daily; however, as previously mentioned, a 
GOES image is received every 30 minutes and more often when the satellite is placed 
in rapid scan. During severe weather events, including tropical weather systems, 
frequent satellite imagery is needed to monitor die weather systems and improve 
forecasts. The improvements included in die GOES 1 - M system, beginning with the 
GOES 8 weather satellite, have created a more useful tool which can be utilized in 
research, observation, monitoring, and forecasting of tropical weather systems. A 
detailed discussion of GOES water vapor follows.
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2.3 GOES WATER VAPOR
Water vapor molecules absorb earth-emitted outgoing radiation. The energy from 
the absorbed radiation causes water molecules to vibrate or rotate with respect to their 
centers of mass. These vibrations occur at distinct frequencies. For water vapor, the 
energy emitted by photons from water molecule vibration or rotation occurs at a 
wavelength of 6.3 pm. Collisions between water molecules result in a broadening of 
this wavelength. Water vapor absorbs radiation most efficiently at 6.3 pm.
Therefore, satellite radiometers that use a range of 5.3 - 7.S pm centered at 6.3 pm 
detect water vapor in die atmosphere and are useful for remote sensing of tropospheric 
water vapor. More recent satellites use radiometers centered at 6.7 pm to detect 
infrared radiation emitted by the earth and atmosphere because this wavelength is 
associated with middle and upper level tropospheric water vapor moisture (Muller and 
Fuelberg, 1989). The middle and upper troposphere averages approximately 4-12  
km in height. The GOES I - M series uses a 6.5 - 7.0 pm radiometer centered at 6.7 
pm as previously discussed (Section 2.2).
Each pixel of the GOES I - M scries water vapor images is assigned a gray shade 
determined by the measured radiance (brightness) temperature at that point White 
areas indicate a cold radiance temperature, which is radiation from a moist layer or 
cloud in die upper troposphere. Black or dark areas indicate a warm radiance 
temperature, which is radiation from the earth’s surface or a dry layer in the middle
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troposphere. Therefore, Ac tighter areas are more moist and the darker areas are drier 
regions in the GOES water vapor imagery.
Light and dark areas within die GOES water vapor imagery also give an indication 
of vertical atmospheric motions, with upward vertical motions in the lighter areas, and 
downward vertical motions (subsidence) in the darker areas. The moist and dry areas 
depicted in the water vapor imagery are a result o f these vertical motions along with 
horizontal deformities and advection of the moist and dry areas. These vertical 
atmospheric motions depict spatial and temporal continuities within the water vapor 
imagery. The fact that GOES images are obtained every 30 minutes makes it a very 
useful tool in (1) observing tropical activity and (2) utilizing the GOES water vapor 
channel as an aid in forecasting future tracks of tropical disturbances. Scientists have 
used water vapor imagery to observe hurricanes since die 1960's. Past hurricane 
observations and research are included in the following section's discussion.
2.4 HURRICANES AND SATELLITE WATER VAPOR CHANNEL
Water vapor channel imagery have been used to observe hurricanes since the 
1960's. Operational satellites observed powerful Hurricane Camille in August 1969. 
Visible imagery of Camille was produced at 11 minute intervals (Shenk and Rodgers, 
1978). The Nimbus 3 water vapor channel, centered at 6.7 pm, was utilized to obtain 
water vapor imagery during the life cycle of Camille. Nimbus 3 was a polar orbitcr, 
therefore, only a few images per day were obtained unlike today's GOES satellites 
which can receive images every 30 minutes.
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Hurricane Camille, 14 - 18 August 1969, developed near the Grand Cayman 
Islands from a disturbance that began in the mid-Atlantic August 9, then moved 
westward across the Atlantic and Caribbean. Camille was the most powerful 
hurricane to strike the U.S. coast since the 1935 Florida Keys' hurricane. Water vapor 
imagery, with a resolution of 55 km, was available in 1969 from Nimbus 3 at 12 hour 
intervals. The Nimbus water vapor imagery depicted upper-tropospheric dry and 
moist areas near Camille. The drier areas, regions with warmer radiance 
temperatures, represented regions of subsidence in areas o f weak horizontal dry air 
advection when corresponding to a water vapor radiance temperature increase 
(Rodgers et aL, 1976). Shenk and Rodgers (1978), indicated that areas of warm 
radiance temperatures in the water vapor imagery were regions where vertical 
development of low-level cumulus were being suppressed, probably due to 
subsidence. Shenk et aL (1976) also indicated that when die radiance temperatures 
range from -36 to -38° C, there is a 40% probability of cirrus clouds being present. 
The presence of widespread cirrus in a water vapor image would indicate outflow 
from the storm.
The water vapor imagery of Camille on 15 August 1400 - 1800 UTC showed 
outflow to the north of the center, indicated by widespread cirrus, and temperatures 
ranged from -36 to -38° C. The environment was moist in the upper troposphere 
within 5° latitude of the storm center, based on water vapor image radiance 
temperatures. The outflow, based on a comparison with previous water vapor
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imagciy, showed that continued cirrus outflow persisted north of the center. This 
showed that die hurricane was weB-ventflated, had good outflow above the storm; 
therefore, the storm intensity woukl persist The water vapor imagery also showed a 
well-defined ridge line to the east of the cirrus outflow, which was east o f Florida.
This ridge line to die east was demarcated by warmer temperatures, and drier air to 
the east in the water vapor imagery. West o f Camille a relatively high radiance 
temperature area had become a little warmer from die previous water vapor image, 
received 12 hours earlier. The storm at this time was moving on a north-north-west 
course which continued through landfall on 18 August 1969.
Water vapor imagery 12 hours later on 16 August 0300 - 0700 UTC showed an 
upper-level subsidence increase, wanner radiance temperatures to the west and 
northwest of the storm center, and higher radiance temperatures near the storm center. 
Shenk and Rodgers (1978) indicated that a more exact assessment of the time lag 
between increased vertical motion in the inner portion of Camille and subsidence 
increase would require geosynchronous satellite measurements.
16 August 1500 -1900 UTC water vapor imagery revealed remarkable changes. 
During die previous 12-hour period Camille had intensified and the barometric 
pressure at die storm's center had dropped to 908 mb at 1800 UTC, as recorded by a 
reconnaissance aircraft. This was a 24 mb drop in barometric pressure from the 
previous 24 hour level. The entire western semicircle beyond a radius of 5° latitude 
had warmer radiance temperatures, reflecting a drying condition. This revealed a
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marked increase in subsidence to the west o f the storm. Camille maintained its 
strength and the north-northwest coune into Mississippi on the 18 August 1969. 
Therefore, Camille did not veer westward or eastward where the warmer radiance 
temperatures persisted. Shenk and Rodgers (1978) indicated that the most interesting 
satellite observations taken of Candle between die 14 -18 August 1969 were water 
vapor imagery.
Veldcn et aL (1984) evaluated the usage and applications of the VISSR 
Atmospheric Sounder (VAS) and TIROS Operational Vertical Sounder (TOVS) data 
of tropical cyclones during the 1982 and 1983 hurricane seasons. Tropical Storm 
Beryl and Hurricane Dcbby 1982 and Hurricanes Alicia, Barry, and Chantel 1983 
were some of the storms that Velden et aL (1984) investigated in their study utilizing 
water vapor imagery. Clouds were delineated by white areas in the imagery and dry 
areas by dark regions in the water vapor imagery. One of the primary goals of the 
research was to provide die NHC with an analysis of satellite-derived deep-layer mean 
wind flow for forecasting hurricane motion. Using die 6.7 pm water vapor channel 
imagery water vapor motkm winds were derived. Radiosondes, when they were 
available, were used for quality control. Satellite-derived deep-layer mean winds 
were derived to evaluate the usage of VAS data in combination with TOVS and cloud 
drift data. Velden et aL (1984) indicated that research would continue in 1984 on 
hurricane track forecasting using the satellite-derived deep-layer mean winds to 
improve track forecast.
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Dvorak (1984) examined satellite water vapor images for 38 east Pacific and 3 
Atlantic Ocean tropical cyclones during die 1982 and 1983 tropical cyclone seasons. 
The purpose of die research was to determine the interactions between upper- 
atmospheric moisture patterns and tropical cyclone motion. Tropical cyclones that 
made abrupt direction o f motion changes greater than 23° azimuth were studied. 
Results from the study were used to determine water vapor imagery characteristics of 
tropical cyclones that changed their course to a northward and westward track.
Water vapor imagery showed that for 23 right-turning storms, an eastward-moving 
cyclonically-curved moisture boundary was present The moisture boundary was 
located approximately 15° latitude northwest of die storm 24 hours prior to the track 
change. The moisture boundary was within 10° latitude of the cyclone when the track 
change occurred. After the tum, die majority of the storm's moved parallel to die 
curved moisture boundary.
Dvorak (1984) indicated that die right-turning cyclones showed one or more of the 
following characteristics occurring in the water vapor imagery: (1) The long axis 
moisture or cloud pattern changed or rotated to a more northwest to southeast or north 
to south orientation. (2) A cloud or moisture increase occurred to the north or 
northeast of the cyclone before the track changed. (3) Approximately 24 hours before 
die track change occuned either a cirrus band or cloud lines curved around the 
northwest boundary of the cloud pattern or the Northwestern cloud or moisture 
boundary straightened to a southwest to northeast axis.
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Approximately 1/3 of the tropical cyclones with a curved moisture boundary to its 
northwest did not tum light. Most of these cyclones did not show a northward 
movement of their moisture water vapor or cloud pattern. A few cases showed that a 
voiticily center associated with a short wave was moving rapidly and would be 
located to the north or east o f the cyclone at the time of the anticipated track change 
when the curved moisture boundary would be within 10° o f the cyclone. Some other 
storms that did not curve to die right had a rapid dissipation of most of die upper-level 
clouds in the storms northwest quadrant 24 hours before the expected track change.
Thirteen cyclones in the study made left turns in their tracks. The water vapor 
characteristics for these storms showed that three features occurred commonly: (1) 
The cloud moisture pattern rotated to a more northwest to southeast or east to west 
orientation. (2) A darkening occurred to die north of the storm in die water vapor 
imagery. (3) There was a rapid dissipation of most o f die outer clouds or moisture 
especially in die northwest quadrant of the cyclone within 36 hours before die 
anticipated track change was to take place.
Dvorak (1984) concluded that upper-level moisture patterns of a tropical cyclone 
and its environment could be used to forecast significant direction of motion changes 
of a storm. Most of die storms used in die study were east Pacific Ocean cyclones. 
Therefore, Dvorak (1984) indicated that these water vapor imagery characteristics 
would work best for forecasting eastern Pacific tropical cyclones.
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Le Marshall et aL (1985) reported on their 1982 Hurricane Debby study untiring 
GOES 5 satellite data including water vapor imagery. Hurricane Debby moved 
through die Atlantic, from 14 - 20 September 1982, approximately 500 miles off die 
U.S. east coast (Le Marshall et aL, 1985). This was the first opportunity for the GOES 
5 VAS instrument to observe a hurricane and its environment Le Marshall et aL 
(1985) used the GOES 5 data and showed that VAS temperature and moisture data 
depicted temperature and moisture in cloud free areas complementary to cloud and 
water vapor motion data depicted in cloudy areas. They analyzed data from 0000 and 
1200 UTC 16 September 1982 and 0000 UTC 17 September 1982 for Hurricane 
Debby and its surrounding environment. Results from their research on Hurricane 
Debby led to full-scale model integrations (67 km) on numerous tropical cyclones 
using VAS data in a variety of tropical cyclone cases to verify and quantify further 
that die temperature and water vapor motions in cloud free areas were complementary 
to cloud and water vapor motions in cloudy areas.
On 28 August 1985 Tropical Storm Elena developed along a rapidly advancing 
wave as it moved westward across Cuba Velden (1987). The storm turned 
northwestward near Havana, Cuba and intensified into a hurricane in the Gulf of 
Mexico. Veldon (1987) used satellite water vapor imagery at 6.7 pm to show 
environmental interactions with Hurricane Elena in the Gulf of Mexico.
Velden (1987) indicated that quantitative analyses of the storm environment may 
be improved by sources such as VAS satellite data. George and Gray (1976) and Chan
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and Gray (1982) had indicated that the environmental flow field surrounding tropical 
cyclones is important in determining their motion. Synoptic patterns in the 
environment surrounding the storm affect flow patterns which steer die storm.
Velden (1987) also indicated that features, which are not apparent in die visible 
satellite imagery, are sometimes very apparent in the VAS 6.7 pm water vapor 
imagery, which is more sensitive to moisture in a broad layer of the middle 
troposphere (700 - 200 mb).
Therefore, Velden (1987) used Hurricane Elena as a good example of die 
usefulness of water vapor imagery at 6.7 pm to show the environmental features 
surrounding the storm. Elena moved swiftly northwestward into the north central Gulf 
of Mexico 29 and 30 August 198S, then began an erratic eastward movement on 31 
August and 1 September. The erratic movement resulted in the mass evacuation of 
several hundred thousand people in Florida over a Labor Day weekend.
Velden (1987) presented a sequence of 6.7 pm water vapor images, covering 29 
August through 3 September 1985, in the study on Elena. The water vapor imagery 
showed environmental features which were not visible in die conventional satellite 
visible imagery. Upper-level air reports were available from stations around the Gulf 
of Mexico every 12 hours but they also did not show a clear view of the conditions in 
the Gulf of Mexico itself. Velden (1987) indicated that the VAS water vapor imagery 
depicted the environmental interaction on Hurricane Elena and provided information 
which may be very useful for areas that lack conventional data.
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The water vapor imagery showed a narrow band of dry air, represented by a dark 
area on die water vapor imagery, stretching from die southwest U.S. into the Ohio 
Valley on 29 August 1985. The dry area became more distinct in the water vapor 
imagery on 30 August During the day, the dry band moved southward and became 
deformed, sliding farther south to the northwestern side o f Elena and remaining 
farther north of Elena on the northern side o f the storm. Elena abruptly began moving 
eastward on 30 August but had been forecasted to continue moving northwestward 
into New Orleans.
Synopdcally on 30 August 1985 there was a weak surface cold front well to the 
north o f Elena. The weak cold front was too far north to interact with the storm. The 
water vapor imagery showed a dry band which was a mid to upper tropospheric level 
feature. Velden (1987) indicated that this dry band, depicted in the water vapor 
imagery, interacted with the storm, resulting in the change in its track. The surface 
synoptic charts did not show this mid-to upper-level feature. Velden (1987) also 
showed a sequence of four infrared satellite images beginning at 1200 UTC 30 
August, then continuing at 12 hour intervals until 0000 1 September 1985. The 
infrared images also did not show any feature that would deflect the storm eastward.
Water vapor imagery from 31 August through 3 September showed a dry area 
receding to the west of Elena and a gradual moistening developed over the period to 
the immediate west-northwest o f Elena. Elena stalled on 1 September just off the 
Florida north central west coast. The storm had then been forecasted to move
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eastward into the Atlantic. However, Elena began moving west-north-westward and 
made landfall in southwest Mississippi on 2 September 1985.
Velden (1987) concluded with several facts from this study. The VAS 6.7 pm 
water vapor channel imagery depicted the interaction of a mid-to upper-tropospheric 
trough with Hurricane Elena. The interaction resulted in Elena making a loop in the 
northwestern Gulf of Mexico that resulted in the evacuation of a large number of 
people over a holiday weekend in Florida. He demonstrated die usefulness of die 
water vapor imagery depicting a mid - upper tropospheric level feature in the 
environment surrounding a tropical cyclone. He demonstrated that die water vapor 
imagery showed a feature which was not apparent in conventional infrared or visible 
satellite imagery. Velden (1987) indicated that the spatial and temporal resolution of 
the water vapor imagery data is an observing tool which may aid in the short-term 
forecasting of tropical cyclones. Velden (1987) also concluded that better 
interpretation and utilization of water vapor imagery in forecasting tropical cyclones 
should develop with increased examination of water vapor data.
Weldon and Holmes (1991) presented techniques for interpretation and 
application of water vapor imagery in weather analysis and forecasting. Their 
discussion includes factors that affect satellite-measured radiation, effects of moist 
layers on radiation measurements, and a guide for interpretation of satellite imagery 
gray shades.
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Weldon and Holmes (1991), in their discussion o f gray shading explained that 
colder water vapor brightness temperatures are represented by lighter shades which 
indicate greater moisture and that warmer water vapor temperatures are represented 
by darker shades which indicate dry areas. They point out that brightness temperature 
represents the net temperature of a layer of moisture the satellite sensors detect. The 
denser the moisture, the shallower the layer the brightness temperature represents. 
They explained that greater amounts of moisture or water content absorbs more 
radiation from lower atmospheric levels; therefore, when air temperature decreases 
with height, greater amounts of moisture are depicted by colder brightness 
temperatures.
Weldon and Holmes (1991) concluded from their analysis of water vapor imagery 
that areas shown to darken over time generally indicated that downward vertical 
motion (subsidence) was occurring. In their analysis, they interpreted features 
through the darkening and lightening of successive water vapor images over time to 
indicate that a wanning or cooling (drying or moistening) was occurring. Weldon and 
Holmes (1991) concluded from their research that reviewing images over a 6 hour 
period was generally adequate to observe significant events of darkening.
Weldon and Holmes' (1991) research inchided tropical applications. They 
explained that in tropical regions, changes in die upper-air conditions are induced by 
vertically deep convective weather. Convective weather is more dominant in the 
tropics than at middle latitudes. Through their analysis of water vapor imagery,
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Weldon and Holmes (1991) concluded that in dark regions, convective clouds are rare 
and that the convection that does occur is located at the periphery of dark regions or 
develop when a dark area is moistening. Weldon and Holmes (1991) concluded with 
die presentation of water vapor image patterns associated with tropical cydogenesis 
developed from their analysis of water vapor imagery in tropical regions.
Dvorak and Mogjl (1994) used GOES 6.7 pm water vapor imagery to study the 
relationship between features depicted in die images and tropical cyclone motion. 
Research was previously conducted on hurricane motion using water vapor imagery 
during die 1982 and 1983 tropical seasons in the northeastern Pacific off the west 
coast of the U.S. and Mexico ( Dvorak, 1984). Subsequently, Atlantic and eastern 
Pacific Ocean tropical cyclones were studied using water vapor imagery ( Dvorak, 
1993). Dvorak and Mogil (1994) reported on the usage of water vapor imagery to 
forecast tropical cyclone motion primarily to predict significant track changes of 
northwesterly moving tropical cyclones which had attained hurricane intensity. Their 
research, using data from over 30 hurricanes, focused on interactions between tropical 
cyclones and middle- and upper-level troughs, ridges, vorticity colters, and cutoff 
systems as they were depicted in upper-level moisture patterns. Weldon and Holmes 
(1991) had previously documented the depiction of these atmospheric systems within 
satellite water vapor imagery.
Dvorak and MogD (1994) pointed out that water vapor imagery will not detect 
warm (low) clouds, but that cold (high) clouds will appear in the imagery similarly as
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they arc depicted in the conventional IR images. Troughs normally appear as a 
distinct dark surge boundary that bows toward die tropical cyclone with lighter shades 
ahead of the boundary and darker shades behind it. Dvorak and Mogil (1994) also 
indicated that a change in the track of a tropical cyclone from die northwest to a north 
or northeastward movement was associated with a curved moisture boundary of a 
trough which was approaching the cyclone from the west Normally the boundary had 
a vorticity center visible in the water vapor imagery to the west of the moisture 
boundary.
Dvorak (1984) showed that an area which darkened (dried) or a persistently dark 
area located to the north of a tropical cyclone indicated recurvature to the north or 
northeast would not occur. Through synoptic analysis, Dvorak and Mogil (1994) 
reported, showed that die darkening to die north of the tropical cyclone was related to 
andcyclogenesis. The anticyclogcnesis resulted in increasing deep-layer easterlies and 
subsidence to die north of die cyclone and therefore a more westward track Dvorak 
(1984) stated that the change was apparently due to a stronger easterly component of 
the steering flow surrounding the tropical cyclone.
Dvorak and MogQ (1994) discussed relationships between tropical cyclone motion 
and atmospheric features observed in water vapor imagery. They included 
observations from past studies as well as their own research. Their discussions 
included observations of a tum north or northeastward from a northwesterly track A 
north or northeastward turn occurred when a trough's curved moisture boundary, as
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depicted in die water vapor imagery, approached within 9° latitude on the northwest 
side of a tropical cyclone which was moving in a northwesterly direction. A correct 
forecast of die tum north or northeastward depended on accurately determining that 
an approaching curved moisture boundary would continue moving toward the cyclone 
or vice versa and that die two features would not weaken appreciably.
Determination of the anticipated tum north or northeast should include monitoring 
the movement of the vorticity center associated with die curved moisture boundary 
and the dark area behind the curved moisture boundary. Dvorak and Mogil (1994) 
noted that changes in the dark area could usually be determined in single images 
viewed every 3 hours or at shorter intervals if the imagery was animated. They noted 
that the north or northeast tum forecast was most accurate when the dark region 
behind the curved moisture boundary darkens or remains die same and its associated 
vorticity center moves east or southeast Their determination of the actual tum north 
or northeast was when the storm reached its most westward position in its track.
Dvorak and Mogil (1994) indicated that by observing the moisture patterns and 
shapes within the trough depicted in water vapor imagery and using numerical model 
predictions, when they are available, an assessment could be made to determine 
whether the trough wfll remain strong and to the west of the tropical cyclone resulting 
in a northerly tum. The shapes within die water vapor imagery which indicated a 
strengthening trough were curved moisture boundaries bowed south or southeastward 
in the trough pattern. Observations of more than thirty hurricanes using the water
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vapor imagery resulted in Dvorak and Mogil (1994) developing four primary factors 
to forecast a north or northeastward tum.
The first of the four factors developed by Dvorak and Mogil (1994), was that once 
a curved moisture boundary is observed 25 to 30° latitude northwest of a tropical 
cyclone then die speed at which the two systems are approaching each other should be 
monitored. Recurvature occurred when the curved moisture boundary was within 9° 
latitude of the tropical cyclone and approaching on its northwest quadrant. Therefore, 
a forecasted tum could be made by determining the time the two systems would be 
within 9° latitude of each other.
The second factor discussed was that die surge that created die curved moisture 
boundary must be observed in the water vapor imagery to determine if it maintains its 
strength and remains to die west or northwest of die tropical cyclone until it is within 
9° latitude on the storm's northwest side. This could be determined by observing 
whether the dark area is maintaining its approximate size, it cannot be shrinking 
rapidly, and that the curved moisture boundary's associated vorticity center is not 
moving northward or westward. The trough cannot be totally associated with a short 
wave trough that would by pass the tropical cyclone. Short wave is defined in die 
Glossary of Meteorology (1989) as a progressive wave in the horizontal pattern of air 
motion with dimensions o f cyclonic scale, as distinguished from a king wave. The 
curved moisture boundary should maintain its sharpness and curvature until it is 24 
hours from the recurvature point, within 9° latitude of die tropical cyclone. However,
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it was observed that within 18 hours o f the recurvature point the curved moisture 
boundary often loses some of its definition.
Their third factor was that the cyclones moisture and cloud pattern may or may not 
be apparent 24 hours before recurvature. Dvorak and Mogil (1994) noted that a strong 
tropical cyclone which turned north or northeastward would show a budding moisture 
and pattern distortion in the direction o f recurvature. This change in moisture 
distortion may be unnoticeable or very strong 24 hours prior to recurvature; however, 
it would become stronger when the curved moisture boundary is within 9° latitude of 
the tropical cyclone. They pointed out that if the cloud pattern of the tropical cyclone 
weakened rapidly prior to the 24 hour position where the moisture boundary is within 
9° latitude of the tropical cyclone, then recurvature was not likely to occur. This 
rapid weakening signified the destruction of the upper level vortex and then die 
remaining lower level system would usually tum westward, responding to the lower 
level flow.
The fourth fe to r Dvorak and Mogjl (1994) observed in their research was that 
observations have shown that the water vapor imagery indicated the direction of 
motion of recurvature. When the water vapor imagery showed a northward bowed 
moisture pattern to the north or northeast of a curved moisture boundary. The tropical 
cyclone should move to the northern extreme of die curved moisture boundary along 
its axis. When the curved moisture boundary was 24 hours from the 9° latitude
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position of the tropical cyclone an assessment could then be made on the direction of 
the recurving motion.
The following three criteria determine a storms future track under recurvature 
conditions as assessed by Dvorak and Mogil (1994) during their research. (1) When 
there is no apparent ridging o f the moisture to die north or northeast o f die tropical 
cyclone, the storm should move parallel to the cloud boundary located on the west or 
northwest side of die tropical cyclone. (2) When die curved moisture boundary was 
tilted in a more north south orientation, a northward tum should occur. (3) When die 
curved moisture boundary was tilted in a more east west orientation then a north east 
movement should occur. Another indicator of the future track after recurvature was 
usually indicated 12 hours before the curved moisture boundary reached within the 9° 
latitude position along the northwest quadrant o f the tropical cyclone. It was that the 
moisture and clouds shown in the watervapor imagery would begin to budd in the 
direction of die storm's future track.
Dvorak and Mogil (1994) water vapor research revealed circumstances when a 
curved moisture boundary approaching a tropical cyclone did not result in a north or 
northeastward recurvature. Their research included eastern Pacific Ocean and 
Atlantic hurricanes. The water vapor imagery showed a darkening on the poleward 
side of die storm in most of die cases that did not result in a recurvature to die north or 
northeast. Dvorak (1984) showed three situations when recurvature did not occur.
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First was when the eastward surge of the curved moisture boundary was weakening 
before 24 hours prior to die recurvature position, within die 9° latitude point from the 
tropical cyclone. In those instances the water vapor imagery showed that the dark 
area behind the curved moisture boundary had lightened or become smaller. The 
imagery also showed that the curved moisture boundary rapidly lost its definition or 
curvature. The second situation was when the curved moisture boundary's associated 
vorticity center began to move to die north or west 24 hours prior to die curved 
moisture boundary reaching the recurvature point within 9° latitude of the tropical 
cyclone. Also, another situation was die case when it was determined that die 
vorticity center, associated with a curved moisture boundary, would move to the east 
of the tropical cyclone before it reached the point where the two systems were within 
9° latitude from each other. The third situation was when the tropical cyclone's upper 
level cloud pattern had shown rapid weakening or shearing before the storm reached 
the 24 hour position prior to recurvature at 9° latitude from die curved moisture 
boundary.
A few forecasting problems were observed by Dvorak and Mogil (1994) during 
their tropical cyclone water vapor imagery research. One problem was associated 
with forecasting recurvature when die two systems forward speed toward each other 
increased. This resulted in recurvature occurring sooner than had been forecasted. 
Another problem was when the curved moisture boundary was not distinct enough in 
the water vapor imagery for accurate measurements of its speed of motion. Therefore,
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Dvorak and Mogil (1994) determined that the water vapor imagery must be analyzed 
to distinguish four features associated with the tropical cyclone and curved moisture 
boundary; (1) Determine if there is a weakening in the curved moisture boundary's 
appearance, (2) Determine if the vorticity center is moving north or westward or is 
associated with a short wave system which will move to die northeast o f the tropical 
cyclone, (3) Decide whether a rapid weakening is occurring o f the upper level cloud 
system of die tropical cyclone which wiD result in the lower level portion moving 
westward, and (4) Determine if an increase is occurring in die forward speed of the 
two systems as they are approaching each other.
Dvorak and Mogil (1994) also determined that there were instances where die 
water vapor imagery could be analyzed to determine that a westward tum would occur 
when the storm was moving in a northwestward direction. These westward track 
change situations showed that the tropical cyclone's northern side cloud patterns were 
weakening rapidly. A darkening that was occurring on the northern side of the 
tropical cyclone would indicate a westward course change. A dissipation of clouds on 
the north side of the storm, resulting in the tropical cyclone having a more east to west 
orientation, indicated a westward track change. The last indicator observed in die 
water vapor imagery to indicate a westward track change was a counterclockwise 
rotation of die major moisture cloud pattern axis.
Dvorak and Mogil (1994) offered three indications that, when observed in die 
water vapor imagery, showed a change in a tropical cyclone's forward speed would
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occur. First, when a tropical cyclone was Mocked by an approaching curved moisture 
boundary, the storm's motion would slow. Dvorak and Mogjl (1994) indicated when a 
curved moisture boundary was observed in die water vapor imagery, then the tropical 
cyclone slowed to approximately 1/2 its speed of motion. The second change in speed 
indicator was when a tropical cyclone moved more parallel to the curved moisture 
boundary or to a dark or darkening area to the storm's north, then its forward speed 
increases. In this situation, the tropical cyclone was moving more parallel to the 
upper level flow. The second indicator resulted in the tropical cyclone approximately 
douMing its forward speed of motion. Dvorak and Mogfl (1994) noted that the second 
indicator situations were only observed in northeastward moving tropical cyclones. 
Their third indicator of a change in forward speed was when an upper level trough 
west of the tropical cyclone began to move westward, which resulted in the tropical 
cyclone moving more rapidly to the west
Dvorak and Mogil (1994) offered a few concluding rules to forecast tropical 
cyclones using observations made from the water vapor imagery. A forecast of 
recurvature should not be made for tropical cyclones which maintain dark areas 
located to their north. This generally indicated a blocking ridge to the north of the 
tropical cyclone. A northwestward moving tropical cyclone will not recurve unless a 
curved moisture boundary approached at a distance of approximately 9° latitude on 
the northwest side of the storm.
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CHAPTER 3. OBJECTIVE AND RATIONAL
The objective of this research is to improve the understanding of the relationships 
between hurricane track and features depicted in satellite water vapor imagery. The 
dissertation hypothesis is listed in the objective Section 3.1. A brief discussion of the 
research objective, hypothesis, and rationale for conducting the research is provided in 
sections 3.1 and 3.2.
3.1 OBJECTIVE
Null Hypothesis: (H J A Tropical Cyclone wiD not move toward a dry core.
Alternate Hypothesis: (H J A Tropical Cyclone wiD move toward a dry core.
This hypothesis is testable using die Earth Scan Laboratory's GOES-8 
(Geostationary Operational Environmental Satellite, see Menzel et al. 1994) imagery. 
The water vapor channel, (GOES-8) Channel 3, shows the atmospheric moisture 
content from the 700 to 200 millibar levels at the 6.7 pm wavelength. Velden (1987) 
(Section 2.4) indicated that the 6.7 pm water vapor absorption band is most sensitive 
to radiation emitted between the 700 to 200 millibar levels in die troposphere. 
Contouring the GOES-8 channel 3 radiance temperatures will depict the moist and dry 
areas of the 700 to 200 mb levels. Secondary convection areas near a tropical system 
will increase in water vapor because of convection. The more moist areas, greatest 
water vapor content, have the colder radiance temperatures; therefore, a maximum 
secondary convection area near a tropical system wiD be represented by colder 
radiance temperatures. Dry areas near a tropical system will contain less water vapor
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and are represented by warmer radiance temperatures. A dry core located within a dry 
area, represented by at least one closed radiance temperature contour, depicts the 
driest portion of a particular dry area. If tropical systems do not move toward a dry 
core located nearest to the storm center, then they will not be moving toward or into 
the nearest dry core, warmest radiance temperature maximum.
Therefore, the stated hypothesis, that a tropical cyclone will not move toward a dry 
core, can be tested by determining if tropical systems do not move toward a dry core 
located nearest to the storm center. The objective o f the current research is to 
improve the understanding of die dynamic and thermodynamic linkage with respect to 
water vapor distribution and hurricane track by using water vapor imagery of the 
GOES satellite.
3.2 RATIONALE
A hurricane's intensity, track, and motion are possibly the most important features 
to forecast. A very intense storm will cause greater damage to an area and a greater 
risk of life than a less intense one. Knowing in advance the location that a storm will 
move inland or areas the storm will not adversely affect allows for better preparation 
to reduce potential loss o f life and properly damage; therefore, research to further the 
understanding of storm motion can aid track forecasting which can result in economic 
savings and a reduction in the loss of life.
A good example was die evacuations in 1999, prior to Hurricane Floyd, that 
stretched from south Florida through the Carohnas. The evacuations were expensive,
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time consuming, and disruptive to large heavQy populated areas of die southeastern 
United States. The results were clogged inlerstates and roads throughout much of die 
coastal southeastern U.S. It was necessary to temporarily restrict some of the 
interstates to one-way traffic leaving the coastal areas, so that large numbers of the 
population could be evacuated. People in Florida, Georgia, and other areas were on 
interstates in bumper-to-bumper traffic for hours. A normal 30 minute drive took 
several hours to traverse. A better understanding of storm motion could have 
eliminated the necessity to evacuate such large numbers of the coastal population 
during Hurricane Floyd.
Simpson and Richl (1981) indicated that die most significant loss o f life and 
property damage usually occurs within 100 to ISO km of where the storms center 
makes landfall and 80 to 100 km inland. Coastal areas of the U.S. are potential 
hurricane targets. These areas stretch from die Gulf coast through the Northeastern 
U.SACanadian border area. Large numbers o f oil rigs are located in the Gulf coastal 
waters. The coastal areas contain heavily populated cities, many smaller towns, large 
industrial areas, and military installations, etc. Improved storm track forecasting can 
save governments, military, oil companies, industries, and private citizens money and 
time in unnecessary evacuations and storm preparations; therefore, research into 
storm track motion by improving die understanding between storm track and water 
vapor distribution can result in potentially great economic and life savings in the U.S. 
and worldwide in hurricane prone areas.
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CHAPTER 4. METHODOLOGY
Facilities in the Earth Scan Laboratory at Louisiana State University were used to 
collect and archive the GOES satellite imagery. GOES imagery was collected and 
archived for 30 storms; 8 storms during die 1998 hurricane season, 11 storms during 
die 1999 hurricane season, and 11 storms during the 2000 hurricane season. The 30 
storms compose the data set used in thtt research.
The hurricanes and tropical storms for which GOES-8 imagery were collected 
during the 1998,1999, and 2000 hurricane seasons are listed in Tables 2, 3, and 4 
respectively. Data was not collected for each storm which occurred during a given 
hurricane season for die following reasons. (1) Data was only collected for storms 
that occurred west of 47° longitude in the Atlantic Ocean. (2) Data was only archived 
if the researcher was available to manually archive the data, and (3) Data was not 
collected for some storms due to equipment failure. Imagery was collected for 8 of the 
14 named storms which occurred during die 1998 hurricane season (Table 2). GOES- 
8 satellite imagery was collected for 11 of the 12 named storms which occurred during 
die 1999 hurricane season (Table 3). GOES-8 satellite imagery was collected for 11 
of die 14 named storms which occurred during the 2000 hurricane season (Table 4). 
These tropical cyclones will be inchided in this dissertation as case studies to test the 
stated hypothesis.
The GOES water vapor, channel 3, radiance temperatures w oe smoothed and 
contoured at 1° intervals for the images. The images were contoured using die GOES
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TABLE 2
1998 Hurricane Season (Tropical Storms and Hurricanes)
The hurricanes (H) and tropical storms (T.S.) which w oe used in die current research 
for die 1998 Hurricane Season.
1. H. Bonnie 3. R  Earl S .R  Georges 7. R  Kail
2. T.S. Charley 4. T.S. Frances 6. T.S. Hermine 8. R  Mitch
TABLE3
1999 Hurricane Season (Tropical Storms and Hurricanes)
The hurricanes (H) and tropical storms (T.S.) which were used in the current research 
for the 1999 Hurricane Season.
1. R  Bret 3 .R  Dennis S .R  Floyd 7. T.S. Harvey 9. R  Jose 11. R  Lenny
2. R  Cindy 4. T.S. Emily 6. R  Gert 8. R  Irene 10. T.S. Katrina
TABLE 4
2000 Hurricane Season (Tropical Storms and Hurricanes)
The hurricanes (H) and tropical storms (T.S.) which were used in the current research 
for the 2000 Hurricane Season.
1. R  Alberto 3. T.S. Chris S. R  Florence 7. T.S. Helene 9. R  Joyce 11. T.S. Leslie
2. T.S. Beryl 4. R  Debby 6. R  Gordon 8. R  Isaac 10. R  Keith
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image received at IS minutes past the times the National Hurricane Center (NHC) 
issued advisories on the storms. The GOES images are received every 30 minutes, at 
IS and 45 minutes past each hour. The advisory times vary depending on whether die 
NHC had issued official watches or warnings for a storm. Storm advisories are issued 
in UTC time every 6 hours, at 00, 06,12, and 18 Z, unless an official watch or 
warning is issued. When watches or warnings are issued for a threatened area 
advisories are issued every 3 hours at 00,03,06,09,12, IS, 18, and 21 Z. When a 
storm is approaching a portion of die United States a watch or warning is issued every 
2 hours at 01, 03, OS, 07, 09,11, 13, IS, 17, 19, 21, and 23 Z; therefore, images have 
been contoured at 6, 3, or 2 hour intervals at 15 minutes after die appropriate advisory, 
using UTC time.
There are times of missing storm data when die GOES satellite imagery was not 
received at die Earth scan Lab or was not archived. The times of missing GOES 
images are treated as follows. When an image is missing at IS minutes past the NHC 
advisory time, then the image IS minutes prior to the NHC advisory time was used. If 
that image is also missing, then that NHC advisory time was excluded from this study.
The procedure is to analyze die contoured water vapor imagery of the tropical 
systems to test the hypothesis that a tropical cyclone will not move toward the dry 
core located nearest the storm center. The storm position and direction of movement, 
given in each advisory, were used to determine whether the storm center moved 
toward the nearest dry core.
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The images were contoured at several different temperature intervals, for example 
1°, 2°, 5°, and 10° Celsius. It was found, empirically, that the 1° Celsius intervals 
better depict the water vapor temperature gradients. The improved temperature 
gradient depiction allowed a better display of die dry cores, maximum secondary 
convection areas and boundaries between moist and dry areas. "Vapor front” was 
coined to represent these boundaries between the moot and dry areas. The vapor 
front represents an interface or transition zone between two air masses of different 
moisture content Therefore, using the 1° Celsius interval resulted in an improved 
method to test the stated hypothesis and wiD be used in this dissertation.
The storm's track, obtained from the NHC storm track data, was overlaid on each 
water vapor image. This storm track includes the plotted NHC advisory positions of 
the storm. The position of the storm is known for the time of the water vapor images; 
therefore, an analysis of each processed water vapor image can be made to determine 
how the storm track was influenced by a dry core and moist areas. The number of 
contoured images produced from the data collected on storms during the 1998,1999, 
and 2000 hurricane seasons have exceeded a thousand. This quantity of processed 
images has allowed the testing of die hypothesis under a variety of dynamic 
atmospheric and oceanographic conditions.
The measurement of the distances between the storm center and dry cores has been 
included in this research for select cases. Distances were measured between dry cores 
and the storm center using degrees longitude for purposes of discussing the individual
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storm cases. Using degrees longitude in the discussions in the following Chapter 5 
analysis and results has allowed a quick reference on the water vapor images since 
latitude and longitude grids woe overlaid on die images at S degree intervals. 
However, distances between a degree of longitude varies with latitude. The 
differences between a degree of longitude used to measure the distance between a dry 
core and storm center are negligible for a specific image but for storms that were 
studied across a large latitudinal distance the degree measurement for that entire study 
period may vary. Degrees longitude are approximately 100 km at die equator then 
narrows northward until the distance is 0 km at the pole. The areas used in this study 
were between approximately 10° to 35° n latitude. A 20° change in latitude in the 
study area resulted in a 15% reduction in longitude distance from 10° to 35° n 
latitude; therefore, distances between dry cores and the storm centers have been 
measured in kilometers to compute statistics used in this study and develop 
forecasting methods, since the measured distance of one kilometer is equivalent 
globally.
Statistics were computed from the interactions between the 30 storms and die 
nearest dry cores depicted in the GOES water vapor imagery used in this research. 
Distance measurements were taken between each storm center and the nearest dry 
core for each image data was available for die 30 storms. The minimum daily 
distance between a storm center and the nearest dry core was determined. The 
distance measurements were used to compute a statistical mean and standard
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deviation for each o f the 30 storms, each of the three seasons, 1998,1999, and 2000, 
and die following four storm intensity categories: tropical depression, tropical storm, 
category 1 and 2 hurricanes, and category 3,4, and 5 hurricanes.
The Root Mean Square Error (RMSE), Coefficient of Variance (CV), Student t 
test, and Chi-Square Test were computed for each season and storm intensity 
category. The Root Mean Square Error formula is: (£ (x - ^)3/n),/J where x = sample 
mean, p = population mean, and n = number contained in die sample. The 
Coefficient of Variance formula is: (standard deviation mean). The Student t test 
formula is: t = [(x - p i )  )] where x = sample mean, p = population mean, s =
standard deviation of sample, and n = number contained in the sample. The Chi- 
Square Test formula is: *2 = [(n-IJs2 ] ^  o2 where n = sample size, s2 = sample 
variance, and o2 = die variance of the population.
RMSE describes the error between mean values for die individual hurricane 
seasons and intensity categories compared with the study period mean for all storms. 
Wilks (199S) pointed out that the RMSE has the same physical dimension as the 
observations and forecasts and is thought of as a typical magnitude of error. A perfect 
RMSE vahie is equal to zero. Trioia (1989) indicated that die Coefficient of Variation 
(CV) is used to describe the standard deviation value relative to the mean value. 
Therefore, the CV results have been used to describe the ratio between each of the 3 
hurricane seasons and die 4 intensity categories standard deviations and their 
respective means.
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The two sample t-test assuming unequal variances was calculated to test whether 
the seasonal and intensity category means were significantly different from the study 
period mean for all storms. The t-tcst assuming unequal variances (Walpole and 
Myers, 1993) was used after determining that variances were unequal between the 
mean values being tested. A Chi-Square test (Walpole and Myers, 1993) was also 
calculated to test whether the given frequency distribution o f the seasonal and 
intensity category means differed significantly from the study period all storms mean.
Threat Scores and Bias Scores were computed to substantiate the hypothesis that a 
storm wiD not move toward the nearest dry core. The Threat Scores and Bias Scores 
were computed for die time of die image, 3 hours after die time of the image, then at 6 
hours after the time of the image, and every 6 hours thereafter, through 72 hours after 
the time of the image.
The determination of a 72 hour projection was based on the following criteria. 
George and Gray (1976) conducted research on western Pacific cyclones. In their 
research, they found that storms forward speed ranged from 0 -3  m/s (0-6.711 
m.p.h.) with a mean speed of 2.43 m/s (5.44 m.p.h.) for alow moving storms, 3 -7  m/s 
(6.711 - 15.659 m.pJLX with a mean speed of 5.19 m/s (11.61 m.pJi.) for storms 
moving at moderate speeds, and > 7 m/s (>15.659 m.p.h.) with a mean speed of 10.12 
m/s (22.64 m.p.h.) for fast moving storms. A similar study conducted by Chan and 
Gray (1982) for die northwest Pacific, western Atlantic, and Australian South Pacific 
area found similar storm speeds. Storm speeds in the western Adamic woe found to
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be < 4 m/s (8.948 m.pJL) for slow moving storms and > 4 m/s (8.948 m.p.h.) for fast 
moving storms. Simpson and Riehi (1982) listed die characteristics of S3 Atlantic 
Basin Hurricanes which produced major opcn-coast storm surges in the U.S. The 
mean forward speed o f the S3 hurricanes included in their data set was 6.11 m/s 
(13.67 m.p.h.). Using the slower speed of 4 m/s (8.948 m.pJLX taken from the 
research results found by Chan and Gray (1982), a storm would travel a distance of 
214.8 miles (345.6 km) in 24 hours, 424.5 miles (691.2 km) in 48 hours, and 644.3 
miles (1,036.8 km) in 72 hours. Therefore Threat Scores and Bias Scores were 
computed out to 72 hours due to die distance a typical storm would be expected to 
travel in that period of time, based on die results found by George and Gray (1976), 
Chan and Gray (1982), and Simpson and Riehl (1982), coupled with the atmospheric 
changes that would be expected to occur over a 72 hour period due to the dynamics of 
the atmosphere.
The following procedure was employed to compute die Threat Score and Bias 
Score to test the stated hypothesis. A direct path between the storm center and nearest 
dry core was obtained by drawing a straight line between the NHC coordinates of the 
storm center and the center of the nearest dry core depicted in that particular water 
vapor image. A storm was considered to be moving directly toward a dry core if its 
NHC reported direction of movement was within 22.5° either side of die water vapor 
image measured direct path between the storm center and center of the nearest dry 
core (45° total). Andies (1982) indicated that die Hurran model, used for hurricane
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forecasting, uses a criteria for the direction that a hurricane must be moving within 
22.5° for the direction of movement; therefore, within 45° of die direct path to die 
nearest dry core was used for die current research.
The Threat Score (same as Critical Success Index, CSI) is described by Wilks 
(1995) as the number of correct "yes" forecasts divided by the total number of times 
the event was forecast and/or observed. The following procedure was used to 
compute the Threat Score values. The standard procedure utilizes the following 
equations to compute the Threat Score and Bias Score values.
EVENT OBSERVED EVENT NOT OBSERVED
FORECASTED N1 N2
NOT FORECASTED N3 N4
The following formulas are used to compute the Threat Score and Bias Score.
THREAT SCORE = N1 + (N1 + N2 + N3)
BIAS = (N1 + N2) + (N1 + N3)
A Threat Score of 1 is the best performance and of 0 is the worst performance scores 
of the forecast being evaluated. A Bias Score of 1 is a neutral point, > 1 the event was 
overforecasted, and < 1 the event was underforecasted. Using the procedure set a 
value to use as a test value, for example 2  500 km. Then compare each forecasted 
value with each observed value in die following manner: If the event was forecasted 
and observed, N1 = 1. If the event was forecasted but not observed, N2 = I.
Ifthe event was not forecasted but was observed, N3 = 1. If the event was not
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forecasted and was not observed, N4 = 1. For example, if the storm did not move 
toward the nearest dry core, :> 500 km was forecasted and observed then N1 = 1 
The Threat Score results are unit-less and values range from 0 through 1. A perfect 
Threat Score is equal to 1 (Wilks, 1995). Wilks 1995 indicated that a perfect score (1) 
occurs when all events were perfectly forecast and all forecasted events were 
observed. The Threat Score is used to determine the number of hits and misses when 
forecasting the occurrence of an event The Threat Score is a useful test for a range of 
cases from events whose frequencies of occurrence are rare to events whose 
ciimatological frequencies of occurrence are numerous (Wilks, 1995).
The Bias Score formula as previously stated is Bias Score = (N1 + N2) -t- (N1 + 
N3) utilizing die table listed in the preceding Threat Score discussion. The Bias score 
is also unitless and measures the relative frequency of forecasted and observed events 
regardless of the forecast accuracy. Wilks (1995) indicated that a bias is the ratio of 
the number of "yes" forecasts to the number of "yes" observed. The Bias Score range 
is from 0 through ± infinity. A Bias score greater than 1 indicates that the event was 
forecasted more often than it was observed. A Bias score of 2 means that the event 
was overforecasted by a factor of 2.
The methods described in this section wiD aOow statistics to be developed between 
die storm centers and dry cores. Then a determination can be made of the 
relationships between the stonn center and dry cores, moist areas, and vapor fronts. 
Changes in die interactions between die features depicted in the water vapor imagery
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and their affect on a storm’s direction of movement can be determined. A set of 
criteria can be developed from die results of this research to aid in forecasting future 
movements of storms by using the GOES water vapor channel imagery that the 
radiance temperatures have been smoothed and contoured at 1° Celsius intervals to 
produce a contoured smoothed radiance temperature field. Currently there have been 
no studies reported in the refereed scientific journals mfli7ing the contouring of 
smoothed GOES water vapor radiance temperatures to aid hurricane track forecasting, 
as is proposed in this dissertation.
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CHAPTER 5. ANALYSIS AND RESULTS
Thirty storms from 3 hurricane seasons, 1998 through 2000, hated in Tables 3 -  5, 
have been examined to test the hypothesis that a storm wiD not move toward the 
nearest dry core depicted in a smoothed radiance temperature field computed from the 
GOES 8 water vapor channel The storm's nearest daily mean distances computed 
between the water vapor imagciy depicted nearest dry core and the storm’s center, 
which was obtained from die NHC advisory positions, have beat examined over the 
three year study period. The storm tracks containing die NHC advisory positions have 
been indicated by an x along die storm trades which are shown by a Mack line on each 
water vapor image. The daily mean distance results were used to decide the 
relationships between the storm's track and nearest dry areas depicted in the 
smoothed radiance temperature fields. The results were also used to dedde the 
relationships between a storm's track and moist and dry areas, which were depicted by 
the smoothed radiance temperature fields. Results have been organized into four 
topics: Hurricane season 1998, Hurricane season 1999, Hurricane season 2000, and 
stutfy period characteristics.
5.1 HURRICANE SEASON - 1998
Data from four tropical storms and five hurricanes was coOected in the Earth Scan 
Laboratory from die 1998 hurricane season. GOES 8 data from the water vapor 
channel was used to produce a contoured smoothed radiance temperature field. The
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results were analyzed to decide the relationships between a storm's track and moist 
and dry areas depicted in the radiance temperature field during die 1998 hurricane 
season.
5.1.1 HURRICANE BONNIE
The National Hurricane Center (NHC) issued its first advisory on the second 
tropical depression of die 1998 hurricane season at 21 UTC 19 August 1998. Tropical 
Depression 2 had formed approximately 700 miles east of die Leeward Islands. The 
depression intensified and 24 hours later on 20 August was named Tropical Storm 
Bonnie with 45 knot maximum winds. Bonnie moved west-north-westward across the 
Atlantic, passing to the north of the Leeward Islands and Puerto Rico 21 August 
GOES 8 water vapor imagery on 21 August showed a dry area, warmer contoured 
radiance temperatures, located west of Tropical Storm Bonnie. The water vapor 
imagery depicted the mid and upper level moisture surrounding and associated with 
Tropical Storm Bonnie. The contoured radiance temperature field revealed a distinct 
dry area, warmer temperatures, centered approximately 8.5° longitude to the west of 
Bonnie at 1215 UTC 21 August (Figure 3). The storm track has been indicated on the 
water vapor imagery, Figure 3 and subsequent imagery, by a black line with storm 
positions [dotted by an x, as previously mentioned.
The 1215 UTC 21 August water vapor image showed that the radiance temperature 
field temperatures were relatively warm, dry, surrounding Bonnie with the exception 
of the northeastern quadrant (Figure 3). The storm slowly intensified throughout die
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Figure 3. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at 
1215 UTC August 21,1998 depicting die smoothed radiance temperature field, 
arrow indicates die storm center.
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day. The progression of images throughout the day showed that the dry center west of 
Bonnie was moving westward. The westward progress could be seen by comparing 
the 1215 UTC water vapor image (Figure 3) with the 2345 UTC image (Figure 4). 
Bonnie's forward speed to the west-north-west slowed an the 21 August, from 
previous days, as it moved across the Atlantic.
Bonnie slowly intensified and at 06 UTC 22 August, became the 1998 hurricane 
season's first hurricane with 65 knot (75 m.p.h.) winds. Throughout die day the water 
vapor radiance temperature field depicted warm (dry) areas to the south and west of 
Bonnie. However, a significant change occurred to die north of die hurricane. The 
water vapor imagery at 1515 UTC 22 August (Figure 5) showed an east to west 
oriented vapor front located approximately 8° longitude north of Bonnie. The vapor 
front had an associated dry center located approximately 8.75° longitude north of 
Bonnie’s center. Synoptical^, a surface stationary front, shown in the daily weather 
chart from 12 UTC 22 August (Figure 6), was located near die same area. The vapor 
front was moving southward toward Bonnie and by 0315 UTC 23 August (Figure 7) 
was approximately 5.7° longitude north of the storm's center. The vapor front's 
associated dry core was approximately 7° longitude north-north-west of Bonnie's 
center. The 0315 UTC (Figure 7) image showed that the vapor front's orientation had 
become slightly deformed nonimearly from its previous east to west orientation at 
1515 UTC 22 August (Figure 5). A weak moist tongue had developed to Bonnie's 
north and by 0315 UTC 23 August, stretched northwestward from Bonnie's center.
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Figure 4. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at
234S UTC August 21,1998 depicting the smoothed radiance temperature field,
arrow indicates the storm center.
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Figure S. The GOES-8 water vapor image (channel 3) o f Hurricane Ronnie at
1S15 UTC August 22, 1998 depicting the smoothed radiance temperature field,
arrow indicates die storm center.
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Figure 6. The surface weather chart depicting Hurricane Bonnie at 12 UTC 
August 22, 1998.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 7. The GOES-8 wafer vapor image (channel 3) o f Hurricane Bonnie at
0315 UTC August 23,1998 depicting die smoothed radiance temperature field,
arrow indicates the storm center.
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The changes that could be seen in the water vapor imagery associated with the vapor 
front were not reflected in the surface weather charts. The storm's speed o f movement 
slowed on 22 August after 09 UTC (Table 5), and a northwestward turn occurred at 06 
UTC 23 August The northwest track was toward the developing moist tongue. The 
diy area to Bonnie's west appeared to have slowed in its westward movement, (note 
the narrowing of distances between the dry cote and Bonnie's center depicted in the 
water vapor images).
Hurricane Bonnie reached Category 2 intensity with 85 knot winds at 00 UTC 23 
August. The weak moist tongue had dissipated to Bonnie's northwest, shown by the 
1215 UTC 23 August water vapor image (Figure 8). The center of the dry area, 
located behind the vapor front to Bonnie's north, had sagged southwestward and 
merged with the dry area to Bonnie's west which resulted in the dissipation of the 
moist tongue previously located northwest of the storm center. Throughout die day 
Bonnie moved erratically but generally drifted northwestward (Table 5). The slow 
erratic movement appeared to be m response to the center of the drier area moving 
southwestward and merging with die dry area to Bonnie's west Bonnie reached 
Category 3 storm status with 100 knot (115m.p.h.) winds at 15 UTC 23 August
On 24 August Hurricane Bonnie continued its slow made northwest movement 
(Table 5). However, after 15 UTC, die hurricane's forward speed of movement 
increased slightly to approximately 4 knots. Bonnie was located just east of the 
Bahama Islands at that time. The water vapor imagery radiance temperatures
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TABLE 5 
Hurricane Bonnie 1998 
A list o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





08-21-98 1215 T.S. 45 19 wnw
1515 T.S. 55 15 wnw
1745 T.S. 55 15 wnw
2045 T.S. 55 15 wnw
2345 T.S. 55 15 wnw
08-22-98 0315 T.S. 60 15 wnw
0915 Cat 1 65 15 wnw
1515 Cat. 1 75 13 wnw
1815 Cat 1 75 13 wnw
2115 Cat 1 80 11 wnw
08-23-98 0315 Cat 2 90 8 wnw
0615 Cat. 2 90 5 nw
0915 Cat 2 90 5 nw
1215 Cat 2 90 stray
1515 Cat 3 100 stray
2045 Cat 3 100 4 nw
2345 Cat 3 100 stray
08-24-98 0245 Cat 3 100 5 nw
0615 Cat 3 100 4 nw
0915 Cat 3 100 4 nw
1215 Cat. 3 100 4 nw
1515 Cat 3 100 stray
1815 Cat. 3 100 4 nw
08-25-98 0245 Cat 3 100 7 nw
1515 Cat 3 100 14 imw
1815 Cat 3 100 14 mrw
2115 Cat 3 100 14 nnw
08-26-98 0315 Cat 3 100 12 nnw
0615 Cat 3 100 12 nnw
0915 Cat 3 100 12 nnw
1215 Cat 3 100 12 nnw
1445 Cat. 3 100 10 n
1745 Cat 3 100 7 n
2115 Cat 3 100 7 n
2315 Cat 3 100 stray
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08-27-98 011S Cat 2 90 stray
031S Cat 2 85 stray
0715 Cat 2 85 drill raie
0915 Cat. 1 75 4 rate
1115 Cat 1 70 5 ne
1315 Cat 1 65 5 ne
1515 T.S. 55 5 ne
1715 T.S. 55 6 ne
1915 T.S. 60 6 ne
2115 T.S. 60 8 ne
08-28-98 0315 T.S. 65 7 ne
0615 T.S. 65 3 e
0915 T.S. 65 7 ne
1215 T.S. 65 7 ne
1515 T.S. 65 8 ne
1815 T.S. 65 8 ne
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Figure 8. The GOES-8 water vapor image (channel 3) of Hurricane Bonnie at
1215 UTC August 23,1998 depicting the smoothed radiance temperature field,
sio w  indicates the storm cotter.
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continued to show a diy environment surrounding Bonnie. Hurricane Bonnie 
maintained fee Category 3 status, 100 knot wind speeds throughout die day reaching 
its peak strength, signified by die recording of die lowest barometric pressure in its 
life cycle o f954 mb, at 03 UTC 24 August
The water vapor imagery radiance temperatures depicted die storm's moist feeder 
bands curving in to its center. Throughout the day the area to Bonnie's west continued 
to be dry with the driest region centered approximately 5° longitude west of the storm 
center which was exemplified in the 1515 UTC 24 August water vapor image (Figure 
9). The area northwest of Hurricane Bonnie appeared to have begun a slight 
moistening as die storm progressed northwestward. SynopticaDy, a surface high 
pressure was centered over north Georgia and South Carolina and die stationary front 
had dissipated at die surface by 24 August The 12 UTC 25 August surface weather 
map showed that the high pressure system remained centered over north Georgia 
(Figure 10).
The water vapor image at 0245 UTC 25 August Figure 11, showed a vapor front 
located approximately 11.6° longitude north of Bonnie’s eye. The vapor front was 
oriented from west to west-north-west along the U.S. coast stretching from Georgia 
through North Carolina then into the Atlantic (Figure 11). The dry area's wannest 
radiance temperatures behind die vapor front was centered over north central Georgia, 
just south of the surface high pressure center.
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Figure 9. The GOES-8 water vapor image (channel 3) of Hurricane Bomue at
ISIS UTC August 24,1998 depicting the smoothed radiance temperature field,
arrow indicates the storm center.
71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 10. The surface weather chart depicting Hurricane Bonnie at 12 UTC 
August 25, 1998.
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Figure 11. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at
0245 UTC August 25,1998 depicting the smoothed radiance temperature field,
arrow indicates the storm center.
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The 024S UTC water vapor image showed that a moistening (cooling of radiance 
temperatures) had occurred to Hurricane Bonnie's north and especially northwest 
(Figure 11) from the previous image at ISIS UTC 24 August ( Figure 9). During the 
day of 25 August, the dry area's center shifted slightly westward to Northwestern 
Georgia and as die coastal areas from north Florida through North Carolina 
moistened, Bonnie continued on a northwest track The vapor front located along 
coastal Georgia through North Carolina at 024S UTC retreated toward the west and 
northwest throughout the day. The retreating vapor front, along with the dry center 
located in northwest Georgia which had only retreated slightly, appeared to have 
indicated that Bonnie would move toward the north or northwest toward South or 
North Carolina but not westward toward Georgia. On 25 August, CNN news (Bevin 
and Shashy, 1998) reported that two NHC computer models showed Bonnie would 
move slowly northwestward toward Georgia or South Carolina. A third NHC 
computer model indicated that Bonnie would pass 100 miles off the Outer Banks of 
North Carolina. Hurricane Bonnie continued on a generally northwest track until 15 
UTC 25 August when a north-north-west turn occurred (Table 5). Bonnie maintained 
the 100 knot (115 m.p.h.) wind speeds (Category 3) as the forward speed increased 
during the day to approximately 7 knots at 03 UTC and 14 knots at 15 UTC ( Table 5).
On 26 August, Hurricane Bonnie maintained the category 3 status with 100 knot 
winds. The hurricane continued moving closer to the U.S. coastline on a north-north- 
west track. Bonnie had begun a course change at 15 UTC 25 August from the
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previous northwestward track and during the day on 26 August, die track became 
northerly at IS UTC (Table 6).
Hurricane Bonnie nude landfall near Cape Fear, North Carolina, at approximately 
18 UTC 26 August with 100 knot winds (115 m.p.h.) moving north at 7 knots. 
Hurricane warnings had been posted from Cape Romam, South Carolina, through the 
North Carolina and Virginia border, a 724 kilometer (450 mile) length of the coast 
After making landfall, the forward speed of Bonnie slowed.
The water vapor imagery on 26 August revealed that the vapor front remained 
along the northwest side of Bonnie, exemplified in the 2115 UTC 26 August image 
(Figure 12), at an approximately 6° longitude distance from the eye. North o f Bonnie 
die vapor front maintained an approximately 8° longitude distance from die eye 
(Figure 12). Throughout the day, the dry area remained to Bonnie’s west, and 
although its location shifted slightly, the driest area was always centered to the west of 
the storm's eye.
The vapor front that separated the moist area associated with Bonnie from drier 
areas that stretched west and north of Bonnie, had remained oriented generally 
southwest to northeast throughout the day. The water vapor imagery depicted a moist 
region ( a moist tongue) that stretched northeastward from Bonnie’s center (Figure 
12). It appeared that die vapor front oriented in a southwest to northeast direction and 
located west and north of Bonnie, along with die moist tongue stretching 
northeastward from Bonnie's center, were signatures of die future track Bonnie would
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Figure 12. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at
2115 UTC August 26,1998 depicting die smoothed radiance temperature field,
anow indicates the storm center.
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take. During the day of 26 August, Bonnie changed course from north-north-west to 
north-north-east but after making landfall moved very slowly.
On 27 August, Hurricane Bonnie moved slowly northeastward at approximately 4 
to 8 knots across North Carolina (Table S). Winds steadily decreased and Bonnie was 
downgraded to a tropical storm with 55 knot (65 m.p.h.) winds at 15 UTC. The water 
vapor image radiance temperatures continued to show a southwest to northeast 
oriented vapor front separating the moisture associated with Bonnie from drier areas 
located to Bonnie's south, west, north, and east A moist tongue continued to stretch 
northeastward away from the storm. The vapor front was located approximately 6° 
longitude northwest of Bonnie's center and its associated dry center was about 7.5° 
longitude northwest of the storm center at 0315 UTC (Figure 13). The 0715 UTC 
image (Figure 14) showed that the vapor front was located approximately 5° longitude 
northwest of die storm center, with the dry center located about 6.4° longitude 
northwest of the center of Bonnie. The 0915 UTC image (Figure 15) depicted die 
vapor front at approximately 4.5° longitude northwest and the dry center at 6.4° 
longitude northwest respectively. The vapor front remained at a distance of 4 to 5° 
longitude northwest of the storm center the remainder of the day. The radiance 
temperatures remained stable throughout the day in the dry area behind the vapor 
front northwest of Bonnie. It appeared that the position of the moist tongue and stable 
radiance temperatures had indicated that the dry area's strength located behind the 
vapor front were indicators that Bonnie would not move west or north.
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Figure 13. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at
0315 UTC August 27,1998 depicting the smoothed radiance temperature field,
anew indicates die storm center.
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Figure 14. The GOES-8 water vapor image (channel 3) of Hurricane Bonnie at
0715 UTC August 27,1998 depicting the smoothed radiance temperature field,
arrow indicates die storm center.
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Figure IS. The GOES-8 water vapor image (channel 3) o f Hurricane Bonnie at
0915 UTC August 27,1998 depicting the smoothed radiance temperature field,
arrow indicates die storm center.
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The water vapor radiance temperatures were dry surrounding Bonnie with the 
exception of the moist tongue stretching to the northeast A secondary convection 
area was located approximately 12° longitude northeast of the storm center seen in the 
images at 071S and 0915 UTC (Figures 14 and 15), as well as in several other images 
during the day. The moist tongue and secondary convection area along with the 
strong vapor front along the western and northern perimeter o f Bonnie appeared to 
have been signatures that Bonnie would maintain a northeastward track at least 
through the remainder of the day 27 August, 1998. The 00 UTC 28 August NHC 
advisory positioned Bonnie just off shore from North Carolina and Bonnie had 
regained hurricane strength with 65 knot (75 m.p.h.) winds by 03 UTC. Bonnie 
moved northeastward with the exception of the 06 UTC advisory which reported an 
eastward track (Table S).
The water vapor imagery depicted a slight wanning of radiance temperatures that 
had occurred northwest o f the storm center over the previous days radiance 
temperature values. The wanner radiance temperature values indicated that a slight 
drying had occurred in die area northwest of the storm and that the dry area was 
remaining strong. The imagery showed that the surrounding environment remained 
dry except for a moist tongue that stretched northeast of die storm’s center then 
continued in an easterly direction (Figure 16). The dry area north of Bonnie remained 
strong throughout the day. The vapor front, as seen in Figure 16, remained 
approximately 3 to 4° longitude west and north of Bonnie's center throughout the day,
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Figure 16. The GOES-8 wafer vapor image (channel 3) of Hurricane Bonnie at
1515 UTC August 28,1998 depicting the smoothed radiance temperature field,
arrow indicates die storm center.
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and the dry areas behind the vapor front had moved slightly toward Bonnie during the 
previous 24 to 48 hour period. These were indicators that die dry areas behind the 
vapor front were maintaining their strength or slightly strengthening. The moist 
tongue combined with strong dry areas to the north and west of Bonnie, along with a 
deformed vapor front (Figure 16), appeared to have indicated that Bonnie would move 
northeastward during the day.
Bonnie weakened to tropical storm strength with 60 knot (70 m.p.h.) winds at 21 
UTC 28 August. The storm had moved northeastward off the U.S. coast except for 
the eastward movement reported in die 06 UTC advisory. The storm turned to the 
northeast at 03 UTC 29 August and accelerated in its forward motion, away from the 
U.S. Bonnie continued to weaken and became extra-tropical after 15 UTC 30 August 
There were 3 deaths attributed to Bonnie (Beven and Shasshy, 1998). Bonnie had 
affected the Leeward Islands, Puerto Rico, the Bahamas, and eastern South and North 
Carolina during its life cycle. CNN reported on 29 August that Bonnie had caused $1 
to S2 billion in damages as it moved across North Carolina (Bevin, 1998).
5.1.2 TROPICAL STORM CHARLEY
A disturbed area of weather moved into the southeastern Gulf of Mexico and was 
located just west of die western tip of Cuba on 19 August 1998. The broad low 
pressure area moved west-north-westward across the Gulf and was named Tropical 
Depression 3 at 15 UTC 21 August. The depression was located approximately 320 
kilometers (200 miles) south of the Texas and Louisiana border at 15 UTC 21 August
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Tropical Storm warnings were issued by the NHC in their 18 UTC 21 August advisory 
on Tropical Depression 3. The warnings were posted for the Texas coast from 
Brownsville through High Island.
The tropical depression was named Tropical Storm Charley by die NHC at 21 UTC 
21 August Tropical Storm warnings were extended eastward to Cameron, Louisiana. 
Tropical Storm Charley was a minimal tropical storm containing winds of 35 knots 
(40 m .pJt) and was moving west-north-westward at 10 knots (Table 6).
GOES 8 water vapor imagery contoured radiance temperatures depicted die 
moisture field around and within die developing storm on 21 August The water 
vapor image at 1515 UTC 21 August (Figure 17) showed the depression in the western 
Gulf of Mexico with most o f die moisture (colder radiance temperatures) concentrated 
south of Louisiana. Avery dry area was located north of die storm's center stretching 
from central Texas east-north-eastward into Arkansas then southeastward into 
northern Florida. There were two very dry (very warm radiance temperatures) centers 
one located approximately 10° north of die depression and the other approximately 
10° to die north east of the cento1 (refer to Figure 17). A vapor front that was 
positioned in a distorted west to east orientation separated die moisture associated 
with the depression from the drier areas. The vapor front was centered approximately 
8° north of the depression's center in die ISIS UTC image (Figure 17). Two other dry 
centers were centered at approximately 6° west of die depression in northern Mexico
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TABLE6 
Tropical Storm Charley 1998 
A list of the storm characteristics which are from the NHC advisories.
Date Time
UTC





08-21-98 1515 T.D. 30 11 w
1745 T.D. 30 stray
2045 T.S. 35 10 wnw
2345 T.S. 40 10 wnw
08-22-98 0315 T.S. 45 11 nw
0615 T.S. 45 8 nw
0915 T.S. 50 9 nw
1515 T.D. 30 9 n
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Figure 17. The GOES-8 water vapor image (charnel 3) o f Tropical Storm 
Charley at 1515 UTC August 21,1998 depicting the smoothed radiance 
temperature field, arrow indicates the storm center.
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and approximately 4.6° south-south-west in the Gulf. The water vapor image showed 
it was relatively dry south of the depression and a dryer area was located just west of 
Florida to the east of die storm.
The 2045 UTC water vapor image, Figure 18, showed some changes that had 
occurred in the moisture field surrounding Tropical Storm Charley which was 
officially named at 21 UTC by the NHC, Table 6. Dry areas across the southern U.S. 
had shifted slightly. The dry center (wanner radiance temperatures) in southeast 
Alabama and southwest Georgia had moved south-west-ward and was centered from 
northern Florida stretching north-west-ward into Mississippi, Figure 18. The dry 
maximum north o f Charley's center had shifted slightly northward and was centered in 
Oklahoma and Arkansas. Clearly the vapor front approximately 9° longitude to the 
northeast and its associated dry center, approximately 9.3° northeast o f Charley's 
center were moving toward the storm. This appeared to signify that the storm would 
not move northeastward.
The vapor front and its associated dry center north and northwest of Charley had 
temperature field, retreated slightly during the previous five hour period and the dry 
area in Mexico had shifted slightly westward. The depression had moved slowly 
west-north-westward during the previous five hour period. SynopticaDy the 12 UTC 
21 August weather chart (Figure 19) showed a stationary front to die northeast of the 
depression and a dry line located to the depression's north and northwest The 
contoured radiance temperatures appeared to reflect a southwestward movement of
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Figure 18. The GOES-8 water vapor image (channel 3) of Tropical Storm
Charley at 2045 UTC August 21,1998 depicting the smoothed radiance, arrow
indicates die storm center.
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Figure 19. The surface weather chart depicting Tropical Storm Charley at 12 
UTC August 21, 1998 from NCDC.
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the vapor front located in the area o f the surface stationary front and a shifting of the 
vapor front located in the vicinity of the surface dry line north and west of die storm.
Tropical Storm Charley had changed course by 03 UTC 22 August from the 
previous west-north-west track to a north-west course and Charley’s forward speed 
was 11 knots. The winds were still at 40 knots. The 0315 UTC 22 August water 
vapor image (Figure 20) depicted the dry area centered in approximately the same 
area that it was previously located at 2045 UTC (Figure 18), at approximately 9° north 
of Charley's center. The vapor front located to the northeast was approximately 7° 
from die storm center and die dry area in Mexico was located to die storm's west and 
southwest A moistening was occurring northwest of the storm and also to the storm's 
north near the Oklahoma and Texas border. These changes during the previous six 
hours appeared to be signatures of the storm’s eventual motion toward die northwest.
SynopticaDy, at 12 UTC 22 August (Figure 6), the surface weather chart showed 
that the surface stationary front had shifted westward and was located in a west to east 
configuration along the Gulf coastal areas. This was reflected in the water vapor 
imagery by the dry areas and vapor front at 0915 UTC (Figure 21).
The 09 UTC NHC advisory reported that Charley’s winds had intensified to 50 
knots (60 m.p.h.), this was die maximum intensity in its life cycle (Table 6). The 
0915 UTC 22 August water vapor image continued to show a dry area over northern 
Mexico and a cooling of radiance temperatures over Texas as die storm advanced to 
die northwest at a slower 9 knots. The dry area located at approximately 8.2° to the
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Figure 20. The GOES-8 water vapor image (charnel 3) o f Tropical Storm 
Charley at 0315 UTC August 22,1998 depicting Ore smoothed radiance 
temperature field, arrow indicates the storm center.
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Figure 21. The GOES-8 water vapor image (channel 3) o f Tropical Storm 
Charley at 0915 UTC August 22, 1998 depicting die smoothed radiance 
temperature field, arrow indicates the storm center.
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storm's northeast in Figure 21 was slightly closer to the storm center from the 9.5° 
position in the 031S UTC water vapor image (Figure 20). The position of these 
features depicted by die contoured radiance temperatures appeared to have indicated 
that Gurley would continue northwestward into Texas.
Tropical Storm Gurley moved inland at approximately 12 UTC 22 August 1998. 
The winds quickly diminished to 35 knots as Charley moved northwest at 9 knots. 
Charley had weakened to a depression by 15 UTC, which was the last advisory issued 
by the NHC on die system.
The water vapor contoured radiance temperatures appeared to signify the general 
track that Gurley would take through the positions and movements of the dry areas 
located in northern Mexico and located north and northeast of Charley. The dry area 
to the northeast moved closer to the storm center while die dry area north of Charley 
only shifred very shghdy away from the storm center. The dry areas located in 
Mexico remained stable while the storm center moved to die northwest Charley 
dumped heavy rain in parts of Texas. The U.S. weather service reported that die Del 
Rio area received 16.83” of rain on 23 August There were 21 deaths attributed to 
Tropical Storm Charley due to flooding in Texas (Beven and Shashy, 1998).
5.1.3 HURRICANE EARL
A broad area of low pressure was located in the Bay of Campeche 31 August 1998. 
The system intensified into Tropical Depression 5, then at 21 UTC 31 August the 
depression reached storm status with 35 knot wind speeds and was named Tropical
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Storm EarL Earl was a miniinal tropical storm and moved slowly north-north-west 
through the Gulf o f Mexico (Table 7).
SynopticaOy, the 12 UTC 29 August weather chart had depicted a stationary front 
located over southern Texas and Louisiana stretching east-north-eastward and a 
surface high pressure system centered over central Florida (Figure 22). The 12 UTC 
31 August weather chart showed the surface high was centered south of Appalachicola 
Florida, and that the stationary front had dissipated ( Figure 23).
The 2115 UTC 31 August GOES 8 water vapor image ( Figure 24) showed two dry 
centers. One dry core was located approximately 11.5° east-north-east of Earl's center; 
die dry core was associated with the surface high pressure center near Florida. The 
second dry core was located approximately 8° northwest of die storm center and was a 
dry area that had been in the vicinity of die surface stationary front which had 
dissipated 30 August A vapor front separated the north to south oriented moist area 
associated with Earl from die dry areas over Texas, Louisiana, and die extreme 
western Gulf of Mexico.
Earl’s winds intensified to 50 knots on 1 September as the storm moved slowly 
north-north-eastward. The 1 September water vapor images showed that die dry core, 
which had been located in Texas on 31 August (Figure 24), was moving eastward and 
intensifying ( signified by a warming of radiance temperatures). Figure 25, the 2115 
UTC 1 September water vapor image, exemplified these changes. The dry core was 
located approximately 3.47° north-north-west o f Tropical Storm Earl's center in
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TABLE 7 
Hurricane Earl 1998 
A list of the storm characteristics which are from the NHC advisories.
Date Time
UTC





08-31-98 2115 T.S. 35 4 nnw
09-01-98 0315 T.S. 35 4 nnw
0915 T.S. 35 stray
1515 T.S. 50 5 nne
2115 T.S. 50 10 ime
09-02-98 0015 T.S. 50 stray
0315 T.S. 50 8 nne
0915 T.S. 50 8 ne
1215 T.S. 50 8 ne
1315 T.S. 50 12 ene
1515 C atl 70 12 ne
1815 Cat 1 85 8 ne
09-03-98 0245 C atl 70 9 ne
0915 C atl 65 10 ne
1215 C atl 70 14 ne
1515 T.S. 40 17 ne
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Figure 22. The surface weather chart at 12 UTC August 29, 1998 from NCDC.
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Figure 23. The surface weather chart at 12 UTC August 31, 1998 from NCDC.
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Figure 24. The GOES-8 water vapor image (channel 3) o f Hurricane Ear! at 
2115 UTC August 31,1998 depicting die smoothed radiance temperature 
field, arrow indicates the storm center.
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Figure 25. The GOES-8 water vapor image (channel 3) o f Hurricane Earl at
2115 UTC September 1,1998 depicting die smoothed radiance temperature field,
arrow indicates die storm cotter.
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Figure 25. The vapor front between Eari's center and the dry core to Earl’s north-west 
stretched north-north-eastward from the Gulf o f Mexico across I Ankiana Tropical 
Storm Earl changed course from a north-north-east track to a north-east track at 09 
UTC 1 September (Table 7). Bevin (1998) indicated that an upper-level trough 
steered Earl north-north-eastward on 1 September and then northeastward the 
remainder of Earl's life cycle.
The course change appeared to be in response to the eastward shift of the vapor 
front and dry area to the west and northwest of Earl Throughout the day 2 September 
the water vapor images showed that the dry core and vapor front moved eastward. 
Tropical Storm Earl moved northeast after 09 UTC with die exception of an east- 
north-east movement reported in the 13 UTC NHC advisory (Table 7). The 1315 
UTC image showed the dry core which was located to Eari’s west-north-west at 
approximately 2.78° from the Storm’s center. This was the closest distance that the 
two centers approached each other.
Earl became the 1998 season’s third hurricane when winds reached 70 knots as 
reported in the 15 UTC NHC advisory. CNN reported at 1718 UTC 2 September that 
forecasters had said Earl would most likely make landfall along Florida's panhandle 
near Panama City, but because die storm was unpredictable, there was a possibility 
Earl could veer further west threatening Mississippi, Alabama, and Louisiana. The 
1515 UTC 2 September water vapor image (Figure 26) showed that a moist area 
stretched north-eastward from Eari's center over the southeastern U.S. The 2
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Figure 26. The GOES-8 water vapor image (channel 3) o f Hurricane Earl at 
ISIS UTC September 2,1998 depicting die smoothed radiance temperature 
field, arrow indicates the stonn center.
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September water vapor images showed (hat the dry core and vapor front were moving 
eastward and that a moist area stretched northeastward from Eari's center, which 
appeared to be signatures that Earl would continue on the northeastward course.
Hurricane Eari's center made landfall at approximately 08 UTC 3 September in 
Panama City, Florida. The winds had weakened prior to landfall from a peak of 85 
knots to 70 knots. Eari continued weakening moving north-eastward into Georgia, as 
the water vapor radiance temperature field had appeared to had indicated, and became 
extra-tropical alter 15 UTC 3 September over Georgia. Tornadoes were reported over 
several Florida Gulf coastal counties as Eari approached land. Hurricane Eari had 
caused three deaths and S79 million in damages (Bcvin, 1998).
5.1.4 TROPICAL STORM FRANCES
The National Hurricane Center's 21 UTC 8 September advisory reported that 
Tropical Depression 6 had developed in the Gulf of Mexico containing 30 knot winds. 
The initial movement was reported toward the west-north-west at 6 knots. However, 
Tropical Depression 6 moved erratically and was essentially stationary on 8 and 9 
September (Table 8). The depression’s formation was similar to the initial 
development stages of Hurricane Eari a week earlier. The weather chart on 12 UTC 9 
September (Figure 27) showed a surface cold front moving southward near the U.S. 
Gulf coast toward Tropical Depression 6.
The 2115 UTC 8 September water vapor radiance temperature image (figure 28) 
had showed a vapor front oriented west to east near the U.S. Gulf coast which was
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TABLE 8 
Tropical Storm Frances 1998 
A list o f die storm characteristics which are from die NHC advisories.
Date Time Storm Category Wind Speed Storm Speed Storm Motion 
UTC knots knots
09-08-98 2115 T.D. 30 6 wnw
09-09-98 0315 T.D. 30 stray
0915 T.D. 30 stray
1215 T.D. 30 stray
1515 T.D. 30 stray
1815 TT>. 30 stray
2115 T.S. 40 stray
09-10-98 0315 T.S. 40 5 nw
0915 T.S. 40 stray
1215 T.S. 40 stray
1515 T.S. 40 stray
1815 T.S. 40 stray
2115 T.S. 50 stray
09-11-98 0315 T.S. 55 5 nw
0915 T.S. 40 12 nw
1215 T.S. 40 10 nw
1515 T.S. 35 7 wnw
1815 T.S. 35 stray
2115 T.S. 35 stray
09-12-98 0315 T.S. 30 5 nne
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Figure 27. The surface weather chart depicting Tropical Storm Frances as a 
depression at 12 UTC September 9,1998 from NCDC.
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Figure 28. The GOES-8 water vapor image (channel 3) o f Tropical Storm 
Frances at 2115 UTC September 8,1998 depicting the smoothed radiance 
temperature field, arrow indicates the storm center.
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associated with the surface cold front. A dry core was located behind the vapor front 
approximately 6.94° north of the center o f Tropical Depression 6. Another dry area 
was located approximately 4.3° southwest of die depression center. The center of the 
depression was located in the Gulf of Mexico at 25.6° north and 94.8° west at 2115 
UTC 8 September, but it was poorly organized.
Throughout the day of 9 September, Tropical Depression 6 slowly became better 
organized and the NHC named the depression Tropical Storm Frances in their 21 UTC 
advisory. Frances was a minimal tropical storm with 35 knot winds. Figure 29, the 
2115 UTC 9 September water vapor image, showed that a few changes had occurred 
across the Gulf o f Mexico from die previous 24 hour image, Figure 28. The vapor 
front across the southern U.S. Gulf coastal area had moved northward and a 
moistening had occurred across the area, apparently in response to the storm 
circulation and intensification. Frances had moved little during the previous 24 hour 
period and was centered at 25.6° north and 94.7° west. The 2115 UTC 9 September 
water vapor image, Figure 29, depicted die dry area located approximately 3.6° 
southwest of Frances center, shghdy closer than the previous 24 hour position, Figure 
28.
Tropical Storm Frances continued a slow intensification process 10 September but 
remained poorly organized. The 12 UTC 10 September weather chart (Figure 30) 
showed that the surface front had moved south and was stationary across the U.S. Gulf 
coast The 1815 UTC 10 September water vapor image (Figure 31) showed the
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Figure 29. The GOES-8 water vapor image (channel 3) o f Tropical Storm
Frances at 2115 UTC September 9,1998 depicting die smoothed radiance
temperature field, arrow indicates the storm center.
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Figure 30. The surface weather chart depicting Tropical Storm Frances at 12 
UTC September 10,1998 from NCDC.
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Figure 31. The GOES-8 water vapor image (channel 3) o f Tropical Storm
Frances at 1815 UTC September 10,1998 depicting the smoothed radiance
temperature field, arrow indicates the storm center.
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moisture associated with Tropical Storm Fiances south o f the then bowed vapor front 
located to the storm's north. The 18 UTC NHC advisory placed the storm center at 
26.0° north and 95.2° west A dry area was located south of Frances. The stoim was 
essentially stationary through 21 IS UTC 10 September (Table 8). Wind speeds were 
increased in die 21 UTC NHC advisory to 50 knots. The overlaid storm track in 
Figure 31 showed the erratic movement o f Frances. Fiances had moved southward 
apparently in response to die south moving surface cold front which had became 
nearly stationary. The 1815UTC water vapor image also showed that the mid and 
upper level moisture associated with Frances was overrunning the nearly stationary 
surface cold front The 10 September  water vapor images and weather chart (Figure 
30) showed die interaction between the surface front and Tropical Storm Frances. 
These factors appeared to had indicated die beginning of die merging of the stationary 
front and Tropical Storm Frances.
The 0315 UTC 11 September water vapor image, Figure 32, showed that the most 
intense moisture associated with Tropical Storm Frances was located north of die 
center, which was located at 27.6° north and 95.9° west. The storm was moving 
slowly to the northwest (Table 8) at 03 UTC and had reached its maximum strength 
with sustained winds of 55 knots. The 12 UTC 11 September weather chart, Figure 
33, showed Tropical Storm Frances merging with the surface stationary front as it 
moved slowty toward the northwest. Tropical Storm Frances made landfall north of 
Corpus Chrisd, Texas, early on 11 September (Bcvin, 1998). Frances weakened after
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Figure 32. The GOES-8 water vapor image (channel 3) o f Tropical Stoim
Frances at 0315 UTC September 11,1998 depicting the smoothed radiance
temperature field, arrow indicates the storm center.
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Figure 33. The surface weather chait depicting Tropical Storm Frances at 12 
UTC September 11,1998 from NCDC.
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the 03 UTC NHC advisory making landfall at approximately 06 UTC 11 September. 
Frances continued to track northwest then looped back eastward, then north-north- 
eastward which was depicted in Figure 32 by die overlaid storm track.
During die morning of 11 September, a dry core was located at approximately 5.3° 
north-north-west of the storm center. The dry axe had originated behind the 
stationary front At ISIS UTC the dry core reached its closest point to the storm 
center at 2.8° north-north-west During this time period, Frances moved northwest 
while die storm’s forward motion was slowing (TaUe 8). At 1515 UTC Tropical 
Storm Frances moved west-north-west; thereafter, the distance between the dry core 
and storm center widened. Figure 34, the 2115 UTC 11 September image, showed 
that dry areas were incorporated within Tropical Storm Frances. The center was 
located at 28.6° north and 97.1° west at 2115 UTC. The storm was essentially 
stationary but at 03 UTC 12 September, Frances began moving toward the 
north-north-west.
Frances was downgraded to a depression after die 21 UTC 11 September NHC 
advisory and dissipated having merged with the stationary front The water vapor 
images showed die merging of Tropical Storm Frances with the stationary front and 
while the merger occurred, Frances' center moved toward the most intense areas of 
moisture which was located to its north-west prior to landfall Tropical Storm Frances 
produced 16 inches o f rain across eastern Texas and Louisiana and approximately 
$500 million in damages with one death in Louisiana from a tornado (Bevin, 1998).
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Figure 34. The GOES-8 water vapor image (channel 3) afTropical Storm 
Frances at 2115 UTC September 11,1998 depicting the smoothed radiance 
temperature field, arrow indicates the stonn center.
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5.1.5 HURRICANE GEORGES
The NHC issued its first advisory on Tropical Depression Seven at 15 UTC 15 
September 1998 (Table 9). The depression had developed near 10° north and 25° 
west from a tropical wave. The NHC named die depression Tropical Storm Georges 
in their 15 UTC 16 September advisory. Georges was a minimal storm at IS UTC 
with 35 knot winds.
The NHC upgraded Georges to a hurricane containing 65 knot winds in their 21 
UTC 17 September advisory. Georges was intensifying as it moved west to west- 
north-west through the Atlantic Ocean. The hurricane had originated near the Cape 
Verde Islands. Hurricane Georges continued intensifying and moving westward, 
reaching Category 4 status at 21 UTC 19 September with 125 knot winds. The 
hurricane reached its peak intensity at 00 UTC 20 September with 130 knot winds and 
Georges maintained that strength through die 15 UTC 20 September advisory. The 18 
UTC 20 September NHC advisory reported that Category 4 Georges' winds had 
decreased to 115 knots (Table 9).
The 1515 UTC 20 September water vapor radiance temperature image (Figure 35) 
showed the moist and dry areas o f Category 4 Hurricane Georges and die surrounding 
environment The images showed a dry core approximately 8° north-north-west of the 
storm center, another dry core approximately 7.33° west-north-west of Georges center, 
and a third dry core about 20° to the west-north-west of the center of Georges. The
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TABLE9 
Hurricane Georges 1998 
A list of the storm characteristics which are from the NHC advisories.
Date Time
UTC





09-20-98 0215 Cat 4 130 16 w
0915 Cat 4 130 15 w
1215 Cat 4 130 15 w
1515 Cat 4 130 14 w
2115 Cat 4 115 14 nw
09-21-98 0315 Cat 3 110 14 w
0915 Cat 2 95 15 wnw
1515 Cat 2 95 14 wnw
2115 Cat 2 95 14 wnw
09-22-98 0315 Cat 2 95 13 w
0715 Cat 2 95 13 w
0915 Cat 2 95 12 w
1115 Cat 2 95 12 w
1315 Cat 2 95 10 w
1815 Cat 2 95 12 w
2115 Cat 2 95 12 wnw
2345 Cat 2 85 12 wnw
09-23-98 0315 Cat 1 70 12 wnw
0915 Cat 1 65 13 wnw
1215 Cat 1 65 13 wnw
1515 Cat 1 65 13 wnw
1815 Cat 1 65 13 wnw
09-24-98 0015 Cat 1 65 12 wnw
0315 Cat 1 65 10 wnw
0915 C a tl 65 10 wnw
1215 Cat 1 65 10 wnw
1515 Cat 1 70 10 nw
1815 Cat 1 70 10 nw
09-25-98 0315 Cat 1 80 12 nw
0715 Cat 1 80 12 nw
0915 Cat 2 85 12 nw
1315 Cat 2 85 12 nw
1515 Cat 2 90 12 nw
1715 Cat 2 90 12 nw
2115 Cat 2 90 12 wnw
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09-26-98 0315 Cat 2 90 7 wnw
0915 Cat 2 90 8 wnw
1215 Cat 2 90 8 wnw
1515 Cat 2 90 10 wnw
1815 Cat 2 90 9 wnw
2115 Cat 2 95 9 nw
2345 Cat 2 95 9 nw
09-27-98 0315 Cat 2 95 9 nw
0915 Cat 2 95 9 nw
1215 Cat 2 95 8 nw
1515 Cat 2 95 7 nw
1715 Cat 2 95 7 nw
1915 Cat 2 95 7 nw
2115 Cat. 2 95 7 nw
2315 Cat.2 95 * 7 nw
09-28-98 0115 Cat 2 95 nnw
0315 Cat 2 90 5 nnw
0715 Cat 2 90 5 nnw
0915 Cat 2 90 5 nnw
1115 Cat 2 90 5 nnw
1315 Cat 2 90 drift nnw
1515 Cat 1 80 stmy
1815 C atl 65 2 n
2115 T.S. 60 3 n
2345 T.S. 60 stmy
09-29-98 0315 T.S. 95 9 sse
0915 T.S. 95 9 ene
1215 T.S. 95 8 ne
1515 TT>. 95 7 ne
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Figure 3S. The GOES-8 water vapor image (channel 3) o f Hurricane Georges at ISIS UTC September 20, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
storm was moving to the west near 14 knots. A slight bowing effect could be seen in 
the radiance temperature contours toward the west-north-west in die ISIS UTC water 
vapor image (Figure 35).
The 2115 UTC 20 September water vapor image (Figure 36) showed that some 
changes had occurred near Geotges. The dry core to Georges' west-north-west had 
moved south and was now approximately 7° west-south-west o f the storms center and 
had strengthened slightly (radiance temperatures had warmed). The dry core north- 
north-west of die storm center was also slightly closer and was centered about 7.67° to 
the north-north-west A slight moistening had occurred to the west-north-west of the 
storm center over Puerto Rico, Figure 36. Georges was moving north-westward at 21 
UTC, then at 03 UTC, turned westward generally maintaining a west-north-west track. 
It appeared that Georges was moving in between the two dry areas which had dry 
cores centered to the north-north-west and west-south-west of the storm center, taking 
a path in the more moist area between die two dry cores, Figure 36. The water vapor 
imagery showed that general scenario maintained itself through the 2115 UTC 22 
September image, Figure 37.
Figure 37 showed two dry cores, one centered approximately 8.67° south-west and 
a second approximately 7.33° north-north-west of Georges. Georges was a Category 2 
hurricane containing 95 knot winds (Table 9) and was moving toward the west-north- 
west maintaining a track between die two dry areas. The water vapor images for 21 
and 22 September showed that the environment surrounding Georges was
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Figure 36. The GOES-8 water vapor image (channel 3) of Hurricane Geoiges at 21 IS UTC September 20, 1998

















Figure 37. The GOES-8 water vapor image (channel 3) of Hurricane Georges at 2115 UTC September 22, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
relatively dry with dry core cotters evolving slightly in location and intensity.
Geoiges'winds had been reduced to 95 knots in die 09 UTC 21 September advisory, 
Georges then maintained that wind speed throughout the two day period of 21 and 22 
September (Table 9). The increased water vapor moisture located between the two 
dry cores to the north-west and south-west o f Georges apparently was a signature that 
the storm would maintain its west-north-west track.
During that two day period, 21 and 22 September, Georges moved west-north-west 
between two dry cores through the Leeward Islands, Puerto Rico, and the Dominican 
Republic. Hurricane Georges had weakened to Category 2 intensity with 90 -100 knot 
winds by die time it hit die islands on 21 September. Georges hit die Dominican 
Republic on 22 September with 105 knot winds and crossed into Haiti. However, the 
mountains of Haiti weakened the storm and Georges’ winds were reduced to a 
minimal Category 1 hurricane with 65 knot winds in the 09 UTC 23 September NHC 
advisory.
On 23 September, Hurricane Geoiges moved into Cuba maintaining a west-north- 
west track near 13 knots and 65 knot winds (Table 9) throughout the day. The water 
vapor imagery showed dry areas surrounding Georges with die exception of moist 
feeder bands to the south o f the storm. The 1515 UTC 23 September water vapor 
image (Figure 38) showed die general features that occurred in die images throughout 
the day. Two dry cores were located north of Georges, one approximately 7° 
northwest of Geoiges center and a second approximately 7.67° north-north-east of the
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Figure 38. The GOES-8 water vapor image (channel 3) o f Hurricane Geoiges at 1515 UTC September 23, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
storm center. These dry areas were moving generally west-north-west to north 
westerly along with the west-north-west moving hurricane. However, two vapor 
fronts were located north of the two dry cores and a moist band was associated with 
the two vapor fronts. The surface weather chart at 12 UTC 23 September (Figure 39) 
showed that a surface cold front was located across north central Florida. The vapor 
fronts in the water vapor image (Figure 38) were associated with the surface cold front 
located to Georges' north. The storm moved west-north-westward, apparently in 
response to the surface cold front and water vapor dry cores located north of Georges.
There was an upper-level low pressure system located west of the storm during 
Georges' life cycle. The upper-level low on 23 September was located near die 
Yucatan Peninsula, refer to Figure 40 the 500 mb chart from 12 UTC 23 September. 
Comparing Figure 38, the 1515 UTC water vapor image with the 500 mb chart (Figure 
40) a dry core and southward extending dry ridge was located between die upper level 
low and Georges. AH of these features moved west-north-westward across the 
Atlantic Ocean, Caribbean Sea, and into the Gulf o f Mexico during Georges life cycle. 
The water vapor imagery sequences for Hurricane Georges showed the west-north- 
westward movements of these systems. Until 23 September, no other significant 
weather feature had appeared in the water vapor images near enough to Georges to 
influence the west-north-west track. However, die cold front moving south toward 
Geoiges 23 September appeared to set off changes that occurred in die water vapor 
imagery beginning 24 September.
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Figure 39. The surface weather chart depicting Hurricane Georges at 12 UTC 
September 23, 1998 from NCDC.
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Figure 40. The 500 mb weather chart at 12 UTC September 23, 1998 from NCDC.
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The 1215 UTC 24 September water vapor image (Figure 41) stOl showed a dry 
core then located approximately 10° west-north-west o f the storm center. The 1815 
UTC 24 September water vapor image (Figure 42) showed that the diy core had 
moistened along with die area south of the vapor front oriented generally west to east 
across the northern Gulf of Mexico and north central Florida. The 12 UTC 24 
September weather chart had showed a stationary front oriented west to east across 
central Florida. Hurricane Georges continued on its west-north-west course through 
the 12 UTC 24 September NHC advisory. Georges began a more northern turn to the 
northwest which was reported in the 15 UTC NHC advisory. It appeared that the 
moistening of die Gulf region northwest of Georges was an indicator of die northwest 
course change. Comparing the two water vapor images, Figure 41 and Figure 42, a 
slight drying had begun north of the vapor front which was located across north 
Florida. This was shown in the water vapor images by the warmer radiance 
temperatures near southern Arkansas and north Louisiana as well as central Georgia 
and the Carolina coastal areas. Subsequent water vapor images on 24 and 25 
September showed a continued moistening across the Gulf of Mexico.
Georges began a slow intensification process on the 24 September which continued 
into 25 September as the surrounding environment was becoming more moist. The 
storm became a Category 2 hurricane with 85 knot winds, which was reported in the 
09 UTC 25 September NHC advisory (Table 9). Georges continued on a northwest 
track until the 21 UTC NHC advisory when a west-north-west turn occurred. On 24
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Figure 41. The GOES-8 water vapor image (channel 3) of Hurricane Georges at 1215 UTC September 24, 1998

















Figure 42. The GOES-8 water vapor image (channel 3) of Hurricane Georges at 1815 UTC September 24, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
and 25 September, Georges moved along the northern coast o f Cuba before the storm 
center moved into the Florida Keys near Key West The 091S UTC water vapor image 
on 25 September (Figure 43) depicted Geoiges located near die Florida Keys. A vapor 
front was still oriented west to east across the extreme northern Gulf of Mexico with 
one dry core located approximately 10° north-north-west of Georges' center and 
another dry core located approximately 11.67° northeast o f the storm center. The 
1515 UTC 25 September water vapor image (Figure 44) showed that die dry core 
located north o f the vapor front over die southern U.S. had strengthened and expanded 
southward. The radiance temperature gradient along the vapor front, that separated 
Georges from the dry core to its north-north-west was becoming tighter. The 2115 
UTC 25 September water vapor image (Figure 45) showed a continued drying of the 
dry core then located 7.67° north-north-west of Georges center. The dry area had 
strengthened and moved closer to Geoiges by 2115 UTC and Geoiges had changed 
course to a west-north-west track which was reported in the 21 UTC advisoiy. The 
west-north-west course continued through 1815 UTC 26 September.
Synoptical^, die 12 UTC 26 September weather chart (Figure 46) showed Georges 
moving west-north-west across the Gulf o f Mexico and a large high pressure system 
centered near the Carohnas and Tennessee. Georges moved slower 26 September 
(Table 9) while maintaining 90 knot winds that were increased to 95 knots in the NHC 
21 UTC advisory. The 1815 UTC 26 September water vapor image (Figure 47) 
showed that die dry area located north of Georges had elongated eastward as well as
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Figure 43. The GOES-8 water vapor image (channel 3) o f Hurricane Georges at 0915 UTC September 25, 1998 

















Figure 44. The GOES-8 water vapor image (channel 3) of Hurricane Geoiges at 1515 UTC September 25,
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
1998
Figure 45. The GOES-8 water vapor image (channel 3) of Hurricane Georges at 21 IS UTC September 25, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Figure 46. The surface weather chart depicting Hurricane Geoiges at 12 UTC 
September 26,1998 from NCDC.
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southwestwanL A dry core had developed 5° west o f Georges center and the dry core 
previously located north of Geoiges was portioned approximately 6.67° north of the 
storm center. Geoiges was moving west-north-westward at 1815 UTC; however, the 
NHC 21 UTC advisory reported a course change toward the northwest (Table 9). It 
appeared that Georges had changed course toward the northwest and was moving in a 
direction in between the two dry cores centered 5° west and 6.67° north in the 1815 
UTC water vapor image (Figure 47).
Georges continued along a northwest track maintaining the Category 2 storm status 
with 95 knot winds throughout the day on 27 September. The hurricane was moving 
across the Gulf of Mexico toward New Orleans, Louisiana. The water vapor images 
on 27 September depicted dry areas surrounding Georges, with the exception of feeder 
bands located south of the storm. The dry area north of Geoiges was shrinking in size 
and moistening as the storm moved northwest The dry core north of Georges 
moistened throughout die day, however, die dry core to Georges’ west expanded and 
weakened, which had indicated that a drying was occurring west of the storm.
The 21 IS UTC 27 September water vapor image (Figure 48) depicted the changes 
which evolved throughout the day 27 September. The dry core located west of 
Geoiges at 2115 UTC was located 5° from die storm center and was elongated, 
oriented north to south. At 2115 UTC 27 September, Georges was moving northwest 
at 7 knots (Table 9). The 01 UTC 28 September NHC advisory reported that Georges 
had changed course toward the north-north-west and that the storms forward
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Figure 47. The GOES-8 water vapor image (channel 3) of Hurricane Georges at 1815 UTC September 26, 1998 

















Figure 48. The GOES-8 water vapor image (channel 3) of Hurricane Geoiges at 2113 UTC September 27, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
speed had slowed to 6 knots. It appeared that the water vapor image radiance 
temperature field 27 September, which showed a moistening (coding) to die north of 
Georges and a drying (warming) to die west of Georges, was a signature of an 
impending track change to a more northerly course.
Georges continued on a north-north-west track at 5 knots con taming 90 knot winds 
(Table 9) until 13 UTC 28 September. Landfall occurred near Biloxi, Mississippi at 
approximately 09 UTC 28 September as a Category 2 hurricane. The 12 UTC 28 
September weather chart (Figure 49) depicted Geoiges near Biloxi, Mississippi. The 
091S UTC water vapor image (Figure 50) showed that the dry core located west of 
Georges was located approximately 5° west-south-west of the storm center. The 
location of this dry core appeared to had indicated that Geoiges would move 
northward toward Biloxi, Mississippi rather than west toward New Orleans,
Louisiana. Once Georges’ center was over land, the storm weakened and Geoiges was 
downgraded to a tropical storm in die 21 UTC 28 September NHC advisory, 
containing 60 knot winds. Georges moved very slowly northward at 2 to 3 knots and 
at times was stationary (the afternoon and evening of 28 September). Geoiges moved 
erratically 29 September, first toward the south-south-east, then turned toward the 
east-north-east, and finally moved northeastward (Table 9). Georges was downgraded 
to a tropical depression with 30 knot winds at 15 UTC 29 September.
The water vapor imagery from the evening of 28 September through 29 September 
showed a dry core advancing toward Georges from the north-east. The dry core
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Figure 49. The surface weather chart depicting Hurricane Georges at 12 UTC 
September 28, 1998 from NCDC.
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Figure 50. The GOES-8 water vapor image (channel 3) of Hurricane Geoiges at 0915 UTC September 28, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
moved southeast into Arkansas then began a southward turn into Louisiana. The 
water vapor image at ISIS UTC 29 September (Figure SI) showed that the southward 
moving dry core was advancing toward Georges and was located approximately 2.67° 
west-south-west of Georges' center. The dry core's movement, which was visible in 
the water vapor imagery, appeared to had resulted in Georges' easterly turn 29 
September.
Hurricane Georges caused approximately 601 deaths primarily due to floods and 
mudslides in die Dominican Republic and Haiti (Bevcn, 1999). Damage m die U.S. 
due to Hurricane Georges were estimated at S5.91 billion, which included S3.5 billion 
in Puerto Rico (Bevcn, 1999).
5.1.6 TROPICAL STORM HERMINE
The National Hurricane Center issued its first advisory on Tropical Depression 
Eight at 21 UTC 17 September 1998, Table 10. The depression had 30 knot winds 
and was drifting westward at 4 knots. Tropical Depression Eight had developed under 
an upper level low pressure system which was located in the Gulf of Mexico and was 
depicted in die 12 UTC 17 September 500 mb chart (Figure 52). Therefore, the 
depression was weak and poorly organized. A well-organized tropical storm system 
would require upper-level ventilation which would develop under an upper-level high 
pressure system. The 12 UTC weather chart for 18 September (Figure 53) showed 
Tropical Depression Eight in the central Gulf of Mexico attached to a low pressure 
trough. A cokl front was advancing southward approaching northern Georgia on 18
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Figure 51. The GOES-8 water vapor image (channel 3) o f Hurricane Georges at 1515 UTC September 29, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 10 
Tropical Storm Hemunc 1998 
A list o f the storm characteristics which are from the NHC advisories.
Dale Time
UTC





09-17-98 2115 T.D. 30 4 w
0015 T.D. 30 stray
09-18-98 0315 TT). 30 4 sw
0915 T.D. 30 4 sw
1215 TT>. 30 4 sw
1515 T.D. 30 2 n
1815 T.D. 30 stray
09-20-98 0315 T.S. 35 3 m e
0915 T.S. 35 10 n
1215 T.D. 25 15 n
1515 TT>. 25 13 rate
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Figure 52. The 500 mb chart depicting at 12 UTC September 17,1998 from
NCDC.
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Figure S3. The surface weather chart depicting Tropical Storm Hermine as a 
depression at 12 UTC September 18, 1998 from NCDC.
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September. Tropical Depression Eight remained weak throughout the day 18 
September with 30 knot winds.
The water vapor imagery on 17 and 18 September showed die moisture associated 
with Tropical Depression Eight and its surrounding environment. The 0915 UTC 18 
September water vapor radiance temperatures (Figure 54) showed a dry core located 
approximately 4.2° northeast o f the depression's center. The area immediately 
surrounding the depression was relatively dry (wanner radiance temperatures). A 
vapor front was located approximately 10° north of the storm. North of the vapor 
front, another dry area was located well to die north of die depression's center (Figure 
54. The depression's forward movement through 18 September was slow and erratic 
(Table 10). The relatively dry environment surrounding the depression indicated that 
the storm would remain weak and would be slow to develop. The dry core located in 
Figure 54 was located near die eastern side of die depression throughout its 
development. The dry core along the eastern side of the depression apparently had 
indicated that the storm would not move eastward. The dry core had 
begun moistening and moved northward throughout the day 18 September.
The NHC advisory issued at 18 UTC 19 September upgraded the depression to 
Tropical Storm Hermine with 40 knot winds, which was the maximum strength that 
Hermine would attain in its life cycle. The storm had begun a sustained northward 
movement which was reported m the NHC 09 UTC advisory 19 September. The 
north to north-north-east track continued throughout die day of 15 UTC 20 September
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Figure 54. The GOES-8 water vapor image (channel 3) o f Tropical Storm 
Hermine at 0915 UTC September 18, 1998 depicting the smoothed radiance 
temperature field, arrow indicates the storm center.
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(Table 10). Henrane had made landfall near Cocodrie, Louisiana, at approximately 
03 UTC 20 September. Hermine weakened rapidly and the last advisory was issued at 
IS UTC 20 September on then Tropical Depression Hermine.
The water vapor image at 1515 UTC 20 September (Figure SS) showed the then 
weak Tropical Depression Hermine over southern Louisiana. A dry core was 
then located approximately 17.2° southeast of the depression's center. The dry area 
associated with that dry core had moved eastward toward the storm and expanded in 
area 19 and 20 September. A moistening had occurred north of Hermine, in the water 
vapor imagery from 18 September through ISIS UTC 20 September.
The combination of the advancing dry area from west to east toward Hermine and 
the moistening north of the storm appeared to be a signature that Hermine would 
advance northward into southern Louisiana. Hermine was a very weak and poorly 
organized system throughout its life cycle. The water vapor imagery showed radiance 
temperatures were relatively warm (dry) around the storm and within the storm they 
never cooled significantly. The relatively warm radiance temperatures appeared to 
had indicated that the system was weak and in a hostile environment for development, 
which was the case with Tropical Storm Hermine.
Tropical Storm Hermine did not cause much damage and rainfall was relatively 
light as it moved into Louisiana. There were two tornadoes associated with Hermine 
which resulted in one injury and minor property damage (Beven, 1999)
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Figure 55. The GOES-8 water vapor image (channel 3) of Tropical Storm Heimine at 1515 UTC September 20, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stoim center.
5.1.7 HURRICANE KARL
On 21 September 1998 a non-tropical low pressure center developed off the coast 
of the Carotinas and moved eastward (Beven, 1999). The National Hurricane center 
classified the low as a tropical depression in their advisory issued at 21 UTC 23 
September. Tropical Depression Eleven was located near Bermuda with 30 knot 
winds. The NHC up-graded the depression to Tropical Storm Up-graded with 35 knot 
winds in their 03 UTC 24 September advisory.
The 12 UTC weather chart 23 September (Figure 39) had showed a surface cold 
front moving eastward into the Atlantic Ocean off fire U.S. east coast. A large surface 
high pressure center was located near Lake Michigan. The 12 UTC 24 September 
weather chart (Figure 56) showed that the surface high had moved east and the cold 
front had moved eastward and was then located off the weather chart
The water vapor image at 0315 UTC 24 September (Figure 57) showed that 
Tropical Storm Karl was located at 33.5° north and 59.3° west The radiance 
temperature imagery showed that the environment surrounding Karl was dry with dry 
cores located approximately 3.87° southwest 6° east-south-cast and north-north-west 
of the storm center. A vapor front was oriented west to east stretching from the 
southeastern U.S. to just north of Karl. The vapor front was associated with the 
surface cold front and the vapor front was advancing to the east and south. Tropical 
Storm Karl moved east and east-south-eastward on 24 September (Table 11).
150
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 56. The surface weather chart depicting Hurricane Karl at 12 UTC 
September 24, 1998 from NCDC.
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Figure 57. The GOES-8 water vapor image (channel 3) of Hurricane Karl at 0315 UTC September 24, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Tropical Storm Kail intensified and was named Hurricane Kail in the 15 UTC 25 
September NHC advisoiy which stated that the storm contained 65 knot winds (Table 
11). The 1515 UTC water vapor image (Figure 58) depicted Karl centered just off the 
chart A dry core was located approximately 4.83° west of the storm center. That 
particular diy core was located behind the water vapor image vapor front and had 
steadily advanced toward KarL The diy core had been located approximately 15.65° 
west-north-west of die storm center at 0915 UTC 24 September. The water vapor 
images clearly showed that Karl's future track eastward was a result of the eastward- 
moving vapor front and diy cores which were associated with the surface cold front. 
Hurricane Karl was movitg easterly ahead o f the front.
Huricane Karl moved east-north-east on 25 September and turned to the northeast 
on 26 September (Table 11) The hurricane had reached its maximum strength with 90 
knot winds, a Category 2 hurricane, on 27 September. The storm decreased in 
intensity to tropical storm strength on 2 September and the NHC issued its last 
advisory at 03 UTC 28 September. Karl continued northeast and eastward as an 
extra-tropical storm advancing to just off die coast of France 29 September (Beven, 
1999).
5.1.8 HURRICANE MITCH
The NHC issued its first advisoiy on Tropical Depression Thirteen at 03 UTC 22 
October 1998. The depression had 30 knot winds and was moving westward. The 
NHC named die depression Tropical Storm Mitch in their 21 UTC 22 October
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TABLE 11 
Hurricane Karl 1998 
A list of the storm characteristics which are from die NHC advisories.
Date Time
UTC





09-24-98 0315 T.S. 35 19 ese
0915 T.S. 35 16 e
1515 T.S. 40 10 ese
2115 T.S. 40 7 ese
09-25-98 0315 T.S. 50 8 ese
0915 T.S. 55 10 e
1515 Cat. 1 65 12 ese
2115 Cat 1 65 12 ese
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Figure 38. The GOES-8 water vapor image (channel 3) of Hurricane Karl at 1513 UTC September 25,1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
advisoiy. Mitch moved erratically 23 October in the southern Caribbean Sea and 
made a loop, ref«  to the overlaid track on the 2115 UTC 23 October water vapor 
image (Figure 59).
The water vapor image at 2115 UTC 23 October (Figure 59) depicted the water 
vapor radiance temperature field surrounding Tropical Storm Mitch. The water vapor 
image showed several dry areas located near Mitch. Three dry cores could be seen in 
Figure 59 within 11° of the storm center, one was located approximately 3° west, 
another approximately 7° northwest, and a third approximately 10° northeast of the 
storm center. Tropical Storm Mitch was stationary and contained 50 knot winds at 
2115 UTC 23 October (Table 12). A vapor front was located north of the storm 
stretching from northern Mexico across the Gulf of Mexico into die Atlantic Ocean; 
dry areas were located north of the vapor front (Figure 59).
The 12 UTC 23 October weather chart (Figure 60) showed that a southward 
moving cold front stretched across die southern Gulf of Mexico and a large high 
pressure system was centered over western Kentucky. This synoptic pattern persisted 
through 25 October, the front became stationary before 11 UTC 24 October but 
drifted slightly southward on 24 and 25 October. The vapor front depicted in Figure 
59, north of Mitch, was associated with die surface front.
Tropical Storm Mitch moved slowly northward 24 October and intensified to a 
Category 1 hurricane with 80 knot winds, which was reported in the NHC 09 UTC 24 
October advisory (Table 12). Mitch had reached category 2 hurricane status with 85
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Figure 59. The GOES-8 water vapor image (channel 3) o f Hurricane Mitch at 2113 UTC October 23,1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 12 
Hurricane Mitch 1998 
A list of the storm characteristics which are from the NHC advisories.
Date lone
UTC





10-23-98 2115 T.S. 50 stray
10-24-98 0315 T.S. 50 3 nnw
0915 Cat 1 80 5 nnc
1515 Cat. 2 85 6 n
2115 Cat 2 90 5 n
10-25-98 0015 Cat 3 100 4 nnw
0315 C at 3 105 4 raw
0615 Cat 3 110 4 nw
0915 C at 3 110 6 wnw
1215 Cat 4 115 6 wnw
1515 Cat 4 115 6 wnw
1815 Cat 4 130 7 wnw
2115 Cat 4 130 7 wnw
10-26-98 0015 Cat 4 130 7 w
0315 Cat. 4 130 7 w
0615 C at 4 130 7 w
0915 Cat 4 130 6 w
1215 Cat 4 130 6 w
1515 Cat 4 135 7 w
1815 Cat 5 155 7 wnw
2115 Cat 5 155 7 wnw
10-27-98 0015 Cat. 5 155 7 wnw
0315 C atS 155 7 wnw
0615 Cat 5 155 7 wnw
10-28-98 0315 C at 4 120 stray
0615 Cat 4 120 stray
0915 Cat 4 115 stray
1215 Cat 4 115 stray
1515 Cat. 4 105 stray
1815 C at 3 105 stray
2115 Cat 3 100 2 w
1S8









10-29-98 0015 Cat 2 95 stnry
0315 Cat 2 85 stray
0615 Cat 2 85 stray
0915 Cat 1 75 stray
1215 Cat 1 75 stnry
1515 Cat. 1 65 stnry
1815 Cat 1 65 stnry
2115 T.S. 50 stray
10-30-98 0015 T.S. 50 stray
0315 T.S. 45 stray
0615 T.S. 45 stray
0915 T.S. 35 3 wsw
1215 T.S. 35 stray
1515 T.S 35 2 wsw
1815 T.S. 35 2 wsw
2115 T.S. 50 3 wsw
10-31-98 0015 T.S. 45 4 wsw
0315 T.S. 45 6 wsw
0615 T.S. 45 6 sw
0915 T.S. 35 6 wsw
1215 T.S. 35 6 wsw
1515 T.S 35 2 wsw
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Figure 60. The surface weather chart at 12 UTC October 23,1998 from NCDC.
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knot winds by the time the NHC issued their IS UTC 24 October advisory. Mitch 
slowly intensified throughout die day 24 October.
The water vapor imagery throughout the day on 24 October showed that the vapor 
front persisted across the southern Gulf of Mexico to the north o f Mitch. The dry core 
that had been located approximately 7° northwest o f the storm's center at 2115 UTC
23 October (Figure 59) also persisted in the water vapor imagery throughout the day 
on 24 October. It was generally located west-north-west of die storm's center, while 
the area to the north of Mitch moistened during the day 24 October. The 2115 UTC
24 October water vapor image (Figure 61) depicted the general pattern which 
persisted in aO die water vapor imagery throughout the day. It appeared that die 
combination of die dry core to the west of Mitch and the moistening which occurred 
northward from Mitch, south of the vapor front, had indicated that Mitch would track 
slowly northward and not track to the west where die dry core was located on 24 
October. Mitch had became a threat to the western Caribbean Islands of Jamaica, 
Grand Cayman Islands, and Cuba on 24 October.
Hurricane Mitch was classified a Category 3 hurricane with 105 knot winds by the 
NHC in their 03 UTC advisory 25 October. The storm was upgraded to Category 4 
hurricane status in the 15 UTC 25 October advisory containing 115 knot winds. 
Hurricane Mitch continued to intensify throughout die day and die winds had reached 
130 knots fay die time die 21 UTC NHC advisoiy was released.
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Figure 61. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 2113 UTC October 24, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The water vapor imagery on 25 October showed that the vapor front remained to 
the north of Mitch. Previous water vapor images had showed that the vapor front was 
moving slowly southward toward Mitch. The ISIS UTC 25 October water vapor 
image (Figure 62) showed the radiance temperature field surrounding die just 
upgraded Category 4 hurricane. The vapor front was stiD located north of the storm 
center and a dry core was approximately 8° west-south-west of Mitch’s eye. The 
distance that separated the center of Mitch and the dry core located to die west-south- 
west had increased. After 03 UTC 25 October, Mitch changed course toward the 
west-north-west (Table 12). It appeared that a combination of die slow southward 
moving vapor front, located to die north of Mitch, and a slight moistening to die west 
of Mitch; along with the westward movement of die dry core, located west-south-west 
of Mitch, had indicated that a course change would occur from a northerly track, 
toward the vapor front, to a westerly track. Another feature to note in the 1515 UTC 
water vapor image (Figure 62) was a new vapor front oriented toward the northeast 
and located over northern Mexico and southern Texas. The new vapor front 
was moving toward the south and east and the area behind it was warming (drying).
On 26 October, Hurricane Mitch moved west at approximately 7 knots until 18 
UTC when a turn toward the west-north-west occurred. The NHC 21 UTC advisory 
reported that Mitch's winds had increased to 155 knots; Mitch had became a 
dangerous Category 5 hurricane (Table 12). The barometric pressure had dropped to 
905 mb at 18 UTC 26 October and Mitch had reached its maximum strength. The
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Figure 62. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 1515 UTC October 25, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
pressure was the lowest ever recorded for an October Atlantic, hurricane and bed 
Hurricane Camille (1969) for the fourth lowest observed pressure level in an Atlantic 
hurricane (Beven, 1999).
The weather chart at 12 UTC 26 October (Figure 63) showed that a large high 
pressure system was located north o f Mitch centered over eastern Kentucky. The 
weather chart did not show any surface fronts located over the Gulf o f Mexico region. 
Generally, that synoptic pattern persisted over the southern U.S. and Gulf of Mexico 
region through 29 October.
The water vapor imagery on 26 October showed that changes had occurred north of 
Mitch. The vapor front located across northern Mexico and Texas, in the 1515 UTC 
25 October water vapor image (Figure 62) along with associated dry core behind it, 
had moved to the south and east and intensified (became drier). The 1515 UTC 26 
October water vapor image (Figure 64) was indicative of the moistening field 
surrounding Mitch. The image showed that dry areas persisted to the east and west- 
south-west of Mitch. On 26 October die dry areas were located closer to the center of 
Mitch with the exception of one which had dissipated. It appeared that drier areas and 
vapor fronts located to the north of Mitch had inhibited a northward track and 
therefore Mitch maintained a westerly movement As Mitch moved westward, the 
storm moved closer to a dry core which at 1515 UTC was 13° west-south-west o f the 
storm center. On 27 October Hurricane Mitch maintained its Category 5 status but the 
winds steadily diminished from 155 knots at 12 UTC to 145 knots at 15 UTC,
165
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 63. The surface weather chart depicting Hurricane Mitch at 12 UTC 
October 26, 1998 from NCDC.
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Figure 64. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 1513 UTC October 26, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
that 135 knots at 18 UTC (Table 12). Mitch had moved west-north-westward early in 
the day but had changed to a west-south-westward track by the afternoon 27 October 
as it slowly weakened. Hurricane Mitch had defied predictions that die storm would 
move across die Yucatan Peninsula and into the Gulf of Mexico.
The 0315 UTC 28 October water vapor image (Figure 65) showed die surrounding 
radiance temperature field and this image was indicative of die water vapor imagery 
throughout the day 28 October. The water vapor image showed a vapor front which 
separated the moisture associated with Hurricane Mitch from the drier areas north of 
the storm. A diy core was located approximately 10.67° north of Mitch's eye. The dry 
core had moved slowly southward toward Mitch and intensified slightly during the 
day. A dry ridge had developed and built toward the southwest from the dry core, 
while the area west of Mitch was relatively dry. Mitch was essentially stationary on 
28 and 29 October (Table 12); however, the storm drifted southward toward the coast 
o f Honduras over the two day period. Mitch had battered islands just north of 
Honduras on 27 and 28 October.
The wanning of radiance temperatures north of Mitch along with the slow 
southerly movement of the dry areas and vapor front located to Mitch's north appeared 
to have been signatures that Mitch would drift southward and not move across the 
Yucatan Peninsula and Gulf of Mexico which was the expected path. The vapor front 
and dry area located north of Mitch apparently had inhibited a north or northwest 
movement The depiction of the vapor front and dry area north o f Mitch in the water
168

















Figure 65. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 0313 UTC October 28,1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
vapor image (Figure 65) was not reflected in the surface weather chart The 12 UTC 
28 October surface weather chart (Figure 66) showed that a surface high pressure 
system was centered over central Georgia and was located to the north of Mitch but 
unlike die water vapor imagery, which clearly showed a vapor front located across die 
Gulf o f Mexico, the surface chart did not show a surface front in die Gulf o f Mexico 
region. This surface pattern was essentially unchanged through 29 October.
Therefore, die water vapor imagery radiance temperature field had revealed features 
that appeared to had influenced die movement of Mitch 28 and 29 October.
Hurricane Mitch weakened throughout die day on 28 October (Table 12) and 
drifted southward toward the coast of Honduras. Mitch moved across the northern 
coast of Honduras early on 29 October containing 8 5 knot winds as a Category 2 
hurricane (Table 12). The storm continued to weaken and moved slowly south and 
southwest across Honduras throughout die day an 29 October. Mitch was downgraded 
to a tropical storm with 50 knot winds in the NHC 21 UTC 29 October advisory.
The 0915 UTC 29 October water vapor image (Figure 67) showed Mitch located 
over land in Honduras. The areas west and north of Mitch, in the water vapor image, 
were dry. Water vapor imagery throughout the day showed that the dry areas had 
moved slowly southward toward Mitch. A dry core was located approximately 6.3° 
northwest o f the storm center which had persisted in that same general area for over 
24 hours. Apparently the continued slight strengthening and slow southward 
movement of the dry area located north o f Mitch had resulted in a  southward drift of
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Figure 66. The surface weather chart depicting Hurricane Mitch at 12 UTC 
October 28, 1998 from NCDC.
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Figure 67. The GOES-8 water vapor image (channel 3) o f Hunicane Mitch at 0915 UTC October 29, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
the storm into Honduras. Also, the environment west and north o f Mitch had been 
slowly drying on 28 and 29 October which could account for a slow weakening of the 
storm before landfall due to die development of a more hostile environment and drier 
air entraining into die storm's circulation.
Tropical Storm Mitch moved slowly west-south-westward on 30 and 31 October 
into Central America. The winds had decreased to 35 knots at the time the 09 UTC 
30 October NHC advisory was issued. The large circulation associated with Mhch 
covered parts of the Caribbean Sea and Pacific Ocean which resulted in the storm 
weakening slowly and remaining a tropical storm until late 31 October (Beven, 1999). 
After 15 UTC 31 October Mitch moved westward over land areas of Central America.
Water vapor imagery on 30 October showed that die vapor front and dry areas 
persisted north and west of Mhch. The 1515 UTC 30 October water vapor image 
(Figure 68) was a typical image that showed the radiance temperature field 
surrounding Tropical Storm Mitch. The 1515 UTC image showed a vapor front, 
which originated in the Pacific near 10° north and 9.5° west, located along the western 
edge of Mitch. The vapor front stretched north-north-eastward merging with the 
western edge of Mitch then turned eastward along the northern edge of Mitch and 
stretched eastward across die Atlantic Ocean. Two dry cores were located north of 
die vapor front to die north of Mhch, one approximately 8.3° northwest and a second 
approximately 11° north-north-east o f the storm center. A dry ridge could be seen that 
stretched southwestward, from the Bay of Campeche into the Pacific Ocean, west and
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Figure 68. The GOES-8 water vapor image (channel 3) o f Hurricane Mitch at 1515 UTC October 30,1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
south of Mitch. The vapor front, dry cores, and dry ridge persisted in the same general 
area while strengthening (a wanning of radiance temperatures occurred) throughout 
die day 30 October. The position and strength of these features appeared to had 
inhibited any movement toward the north which had previously been expected. These 
features apparently had resulted in a southerly drift o f Mitch as the dry areas 
intensified slightly and built southward while Mitch weakened.
The 31 October water vapor imagery showed that a cooling of radiance 
temperatures (moistening) was occurring west of Mitch's center and that the dry ridge, 
which extended from the Bay of Campeche into the Pacific Ocean, was shifting 
westward. The 1815 UTC 31 October water vapor image (Figure 69) was 
representative of the radiance temperature field and changes that occurred 31 October. 
Figure 69 showed a dry core located approximately 9.67° north of the storm center 
with a vapor front then oriented west to east north of Mitch. The image showed that a 
moistening (cooling of radiance temperatures) had occurred west of Mitch. On 31 
October, it was thought that Mitch would move into the Pacific Ocean and regain 
strength as a Pacific storm. However, the changes that occurred during the day of 31 
October in the water vapor imagery appeared to signify that Mitch would track 
westward across Central America.
The remnant low pressure system of Mhch moved west and northwestward across 
Central America and Mexico after 31 October. The low moved into the southern Gulf 
o f Mexico on 2 November, then tracked northeastward and regained tropical storm
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Figure 69. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 1815 UTC October 31,1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
intensity 3 November (Beven, 1999). On 4 November, Tropical Stonn Mitch crossed 
the Yucatan Peninsula and then crossed die Florida Peninsula on S November 
becoming extra tropical later dial day in the Atlantic Ocean. The extra tropical stonn 
moved across die Atlantic Ocean and was located just west of Great Britain on 9 
November 1998.
Mitch had caused one o f the greatest natural disasters o f this century in the 
Western Hemisphere and was one of die strongest Atlantic hurricanes ever recorded. 
Large amounts o f rainfall resulted in floods and mudslides which caused most of the 
damages and deaths associated with Mitch. Jon Hcllin (Natural Resources Institute 
and Corporation Hondurasa de DcsarroQo Forestal) reported that some records which 
had survived Mitch indicated that parts of southern Honduras had received 25 inches 
of ram in 36 hours and 10 inches in 6 hours from 29 to 31 October. Relief Web, a 
humanitarian organization reported that 7,000 people were dead with 8,300 missing in 
Honduras, 3,000 were dead with 2,200 missing in Nicaragua, 258 were dead with 121 
missing in Guatemala, and 272 were dead with 100 missing in El Salvador. Beven 
(1999) reported that over 9,055 people were killed primarily in Honduras and 
Nicaragua with at least that number or more people missing.
5.2 HURRICANE SEASON - 1999
Data from three tropical storms and eight hurricanes were collected in the Earth 
Scan Laboratory from the 1999 hurricane season. GOES 8 data from the water vapor 
channel was used to produce a contoured smoothed radiance temperature field. The
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results were analyzed to deckle the relationships between a storm's track and moist 
and dry areas depicted in the radiance temperature field during the 1999 hurricane 
season.
5.2.1 HURRICANE BRET
Tropical Depression Three developed in die Bay of Campeche from a westward 
moving tropical wave on 21 UTC 18 August The depression contained 30 knot winds 
and drifted erratically throughout the day. At 21 UTC 19 August the NHC named the 
depression Topical Storm Bret, and the winds had reached 35 knots, a minimal 
tropical storm.
The 2115 UTC 19 August water vapor image (Figure 70) depicted the radiance 
temperature field within and surrounding Tropical Storm Bret The image showed 
that there was a vapor front to the west and-north of Bret located along coastal 
Mexico, Texas, and across the southern U.S. Gulf coast areas. Two dry cores were 
located behind the vapor front, one approximately 11° north-west o f Bret's center and 
the second approximately 19° north of Bret The water vapor imagery throughout the 
day on 19 August had showed that die dry cores and vapor front had intensified. The 
dry core north of Bret had moved southeastward throughout the day and the dry area 
northwest of Bret had moved westward. The imagery also showed that a moistening 
had occurred across the western Gulf o f Mexico and that a moist tongue and 
secondary convection center had developed to the north of Bret's center.
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Figure 70. The GOES-8 water vapor image (channel 3) o f Hurricane Bret at 2113 UTC August 19,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
On 20 August, Bret slowly intensified, winds had reached 55 knots by 15 UTC and 
Bret had begun to move north at 6 knots (Table 13). The water vapor imagery 
throughout the day on 20 August showed that the two dry cores and the vapor front 
had persisted to Bret’s west and north. The dty core which had been located northwest 
o f Bret over northern Mexico on 19 August maintained its strength and drifted 
westward. The vapor front located west o f Bret also drifted westward moving inland 
near the coast of Mexico. The diy core located north of Bret maintained its strength 
and moved south and eastward throughout the day. The temperature gradient 
tightened along the vapor front located near the southern U.S. Gulf coast to the north 
ofB ret
The 1515 UTC 20 August water vapor image (Figure 71) showed that both dry 
cores were located behind die vapor front One was approximately 3° northwest of 
Bret’s center while the second was approximately 13° north-north-east of the storm's 
center. The 1515 UTC image was representative o f the radiance temperature field 
throughout the day 20 August Figure 71 depicted a moist tongue, which had 
developed earlier in the day, located to the north of B ret The moist tongue was 
shown to have extended itself northwestward in the water vapor image sequences 
received later in the day on 20 August
The 12 UTC 20 August surface weather chart (Figure 72) showed a cold front 
located across the southern U.S. The vapor front shown in the water vapor imagery 
(Figure 71) was associated with the surface cold front However, no surface front was
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TABLE 13 
Hurricane Bret 1999 
A list of the storm characteristics winch are from the NHC advisories.
Date Time
UTC





08-19-99 09 T.D. 30 2 w
15 TX>. 30 stray
21 T.S. 35 2 nw
08-20-99 00 T.S. 35 stray
03 T.S. 40 stray
06 T.S. 45 stray
09 T.S. 45 stray
12 T.S. 45 drift nw
15 T.S. 55 6 n
18 T.S 55 6 n
08-21-99 15 Cat 1 80 7 n
18 Cat 1 80 6 n
21 Cat 2 90 6 n
23 Cat 3 105 9 n
08-22-99 01 Cat 4 115 9 rniw
03 Cat. 4 115 9 nw
07 Cat 4 115 9 nw
09 Cat 4 120 9 nw
11 Cat 4 120 9 nw
13 Cat 4 120 9 nw
15 Cat 4 120 9 nw
19 Cat 4 120 7 wnw
23 Cat 3 110 7 wnw
08-23-99 01 Cat 3 105 7 wnw
03 Cat 3 100 6 w
07 Cat 1 80 6 w
09 Cat 1 75 9 nw
11 Cat 1 70 5 nw
13 T.S. 60 5 wnw
15 T.S. 40 5 wnw
18 T.S. 35 5 wnw
21 T.S. 35 5 wnw
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Figure 71. The GOES-8 water vapor image (channel 3) o f Hurricane Bret at 1515 UTC August 20,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm cotter.
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Figure 72. The surface weather chart depicting Hurricane Bret at 12 UTC 
August 20,1999 from NCDC.
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indicated on the surface weather chart along the coast of Mexico where the water 
vapor imagery depicted a vapor front along the western edge of Bret
The dry cores and vapor front depicted in die water vapor imagery on 19 and 20 
August appeared to have shown that Bret would begin a northward movement into the 
moist tongue and toward the secondary convection area (Figure 71). The moist tongue 
and secondary convection area had developed on 19 August and continued to 
evolve through 20 August. The moist tongue first extended northward from Bret, then 
later extended to die north then northwest of Biefs center (Figure 71). The 
northwestward extension appeared to have indicated that Bret would eventually track 
to the northwest and west into south central Texas.
The NHC upgraded Bret to a Category 1 hurricane with 65 knot winds in their 03 
UTC 21 August advisory. Hurricane Bret was moving north at 8 knots and the north 
track continued throughout die day 21 August (Table 13). The synoptic weather chart 
21 August was similar to the 20 August chart (Figure 72) and showed that die cold 
front located across the southern U.S. was located slightly south of its 20 August 
position.
The water vapor imagery throughout the day of 21 August showed that a moist 
tongue extended from Bret toward the north then curved toward die northwest The 
2115 UTC 21 August water vapor image (Figure 73) is representative of the radiance 
temperature field for that day. Figure 73 showed a vapor front located north of Bret 
which was associated with die surface cold front The vapor front extended
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Figure 73. The GOES-8 water vapor image (channel 3) of Hurricane Bret at 21 IS UTC August 21, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
southward along the storm's western edge. One dry core was located approximately 
5.67° west of the center and a second approximately 10° north-north-west ofBrefs 
center. A secondary convection center was located northwest ofBrefs center over 
Texas. Bret moved north throughout the day (Table 13) but the storm had been 
expected to move west into northern Mexico. However, die radiance temperature 
field had indicated an eventual turn toward the northwest
Hurricane Bret reached its maximum intensity on 22 August containing 12S knot 
winds while an aircraft measured die storm's lowest barometric pressure at 944 mb 
(Bevin, 1999). Bret was an intense Category 4 hurricane which threatened the U.S. 
western Gulf coast The 12 UTC 22 August surface weather chart (Figure 74) showed 
a stationary front across the southern U.S. and a large high pressure area north of the 
front
The water vapor imagery on 22 August showed that the moist tongue still extended 
north then northwest from Bret’s center. The ISIS UTC 22 August image (Figure 75) 
showed that a persistent dry core was located approximately 4° west ofBrefs center 
over Mexico. Two other dry cores were located approximately 8.67° north-north-west 
and 10.67° north-north-east of Bret behind a vapor front which was associated with 
die surface stationary front (Figure 74). Bret had stiD been expected to move west 
into northern Mexico; however, the hurricane moved north and began a northwest turn 
at 07 UTC then turned again toward the west-north-west at 19 UTC 22 August (Table 
13).
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Figure 74. The surface weather chart depicting Hurricane Bret at 12 UTC 
August 22, 1999 from NCDC.
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The water vapor imagery appeared to had indicated that Bret would not move 
westward into Mexico due to die persistent dry core located west of the storm's center 
over northern Mexico. The imagery had indicated that Bret would turn northwest and 
westward and eventually move into south central Texas, following a course tracking 
into die moist tongue. This was die track that Bret followed (Table 13) which was 
shown by the track overlaid in the IS 15 UTC 22 August water vapor image (Figure 
75). Hurricane Brefs eye moved into Kennedy County Texas at approximately 00 
UTC 23 August (Bevin, 1999). Bret was a Category 3 hurricane with 110 knot winds 
when it moved ashore into a sparsely populated area of Texas (Table 13).
The water vapor imagery on 23 August continued to show that the dry cores 
persisted to the west and north of Bret. The 0915 UTC 23 August image (Figure 76) 
had depicted the dry core approximately 3.33° west-south-west of the storm center 
with a dry ridge extending south of Bret over northern Mexico and die Gulf of 
Mexico. A second dry core was located approximately 12° east-north-east and a third 
approximately 8.33° north-north-east ofBrefs center. It appeared that the water vapor 
radiance temperature fields depiction of the persistent dry core located over northern 
Mexico, which maintained its strength, had indicated that Bret would not move west 
into northern Mexico as expected. The vapor front and dry cores located north of Bret 
had indicated that Bret would not move north or eastward. The moist tongue in the 
water vapor imagery extending north and then northwest and westward into south 
central Texas was an indicator ofBrefs eventual track into south central Texas.
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Figure 76. The GOES-8 water vapor image (channel 3) of Hurricane Bret at 0915 UTC August 23,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Hurricane Bret weakened over Texas and moved west-north-west, eventually 
dissipating over northern Mexico 25 August. Bret caused S60 million damage in the 
U.S. (Bevin, 1999).
5.2.2 HURRICANE CINDY
The fourth tropical depression of the 1999 hunicane season was designated 
Tropical Depression Four by the NHC in their 03 UTC 19 August advisory. The 
depression had developed near the Cape Verde Islands and was moving westward 
containing 30 knot winds. Tropical Depression Four was poorly organized but slowly 
strengthened and was named Tropical Storm Cindy in die NHC 21 UTC 20 August 
advisory. Cindy became better organized and was upgraded to a Category 1 hurricane, 
containing 65 knot winds, in the 03 UTC 22 August advisory.
Hurricane Cindy was in a region where atmospheric conditions were poor for 
intensification and was downgraded to tropical storm status with 55 knot winds at 21 
UTC 22 August Tropical Storm Cindy continued the westerly track through 25 
August. The NHC upgraded Cindy to a Category 1 hurricane again, containing 65 
knot winds, in their 03 UTC 26 August advisory. Cindy slowly intensified throughout 
the day, moved on a northwesterly track, and in their 21 UTC advisory, the NHC 
reported winds had increased to 75 knots. Throughout the day 27 August, Cindy 
continued strengthening as the atmospheric environment surrounding the storm had 
become more favorable for development The hurricane had reached Category 2 
intensity with 90 knot winds by 15 UTC.
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The water vapor image at 2115 UTC 27 August (Figure 77) depicted the moisture 
field within and surrounding Cindy. Five diy cores were depicted surrounding the 
storm in die 2115 UTC image. The five dry cores were located at 7.33° south-south- 
west, 10° south-south-west, 14° west-south-west, 11° west-north-west, and 10° 
north-west o f Cindy's center. A moist tongue extended westward from the center of 
Cindy; however, the storm moved northwestward throughout the day (Table 14).
The 2115 UTC water vapor image (Figure 77) showed Hurricane Dennis located 
just off die Florida east coast, as well as a vapor front that extended from the U.S. 
North Carolina coastal area toward the east-north-east across the Atlantic Ocean 
stretching north of Hunicane Cindy. The surface weather chart from 12 UTC 27 
August (Figure 78) showed a warm front, a small low pressure system, and a low 
pressure trough over die eastern U.S. coastal areas extending into the Atlantic Ocean. 
The vapor front shown in the 2115 UTC (Figure 77) water vapor image, which 
extended north of Cindy, was associated with die surface cold front The low pressure 
system and its associated front and trough over the eastern U.S. were moving 
eastward.
At 15 UTC 28 August, Hurricane Cindy reached its peak intensity of 120 knots 
with a barometric pressure of 944 mb (Table 14). Cindy maintained its Categoiy 4 
intensity through 03 UTC 29 August The water vapor imagery had continued to show 
a diy environment surrounding Cindy. The 2115 UTC 28 August image (Figure 79) 
showed three dry cores around the storm. One was located approximately 10.67°
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Figure 77. The GOES-8 water vapor image (channel 3) of Hunicane Cindy at 2115 UTC August 27,1999
depicting the Channel 3 smoothed radiance temperature field, airow indicates the storm center.
TABLE 14 
Hurricane Cindy 1999 
A li>t of die storm characteristics which are from die NHC advisories.
Date Time
UTC





08-27-99 03 Cat 1 80 12 nw
09 Cat 1 80 14 nw
15 Cat 2 90 10 nw
21 Cat 2 90 11 nw
08-28-99 03 Cat 3 100 8 nw
09 Cat 4 115 8 nw
15 Cat 4 120 8 raw
21 Cat 4 120 8 raw
08-29-99 03 Cat 4 120 7 n
09 Cat 3 110 10 n
15 Cat 2 95 11 rate
21 Cat 2 90 7 ene
08-30-99 01 Cat 4 90 11 ene
03 Cat 4 90 11 ene
07 Cat 4 80 10 ne
09 Cat. 4 80 8 ne
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Figure 78. The surface weather chart at 12 UTC August 27,1999 from NCDC.
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Figure 79. The GOES-8 water vapor image (channel 3) o f Hurricane Cindy at 2115 UTC August 28, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
southwest, a second was located approximately 5.0° north-north-west, and a third was 
approximately 1333° south-south-east of Cindy's center. The hurricane was moving 
north-north-west at 8 knots at 21 UTC. The radiance temperature field showed a 
moist area extending eastward from Cindy with a strong dry core located northwest of 
the storm's center. The storm appeared to be tracking northward and the moist areas 
east of the storm had indicated a future track toward the east
Hurricane Cindy moved northward on 29 August (Table 14) and passed east of 
Bermuda. The storm's intensity slowly decreased from a Category 4 hurricane with 
120 knot winds at 03 UTC to a Category 2 hurricane with 90 knot winds at 21 UTC 29 
August The movement of Cindy was north at 03 UTC, then the track changed to 
north-north-east at 15 UTC and to east-north-east at 21 UTC 29 August (Table 14). 
Cindy was moving over cooler waters in the north Atlantic which was reducing the 
storm’s intensity.
The water vapor imagery had continued to show that dry areas were located to the 
west of Cindy. The 2115 UTC 29 August image (Figure 80) showed a strong dry core 
located approximately 14° west-south-west of Cindy’s center and other dry areas 
located south of the storm. There was a moistening eastward from Cindy's center. 
North and northwest of Cindy there was a moist area which stretched from north of 
Hurricane Dennis along the U.S. southeast coast across the Atlantic. The surface 
weather chart at 12 UTC 30 August (Figure 81) showed a cold front located north of 
Hurricane Dennis that stretched northeastward across the Atlantic. A large surface
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Figure 80. The GOES-8 water vapor image (channel 3) of Hurricane Cindy at 21 IS UTC August 29, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
083099122 \
'»*■ >*I*“ •« I**iF  A I MmU •AJ.Al:r««>w-u:af iak:|»*W*
o*.OT
v *
Figure 81. The surface weather chart depicting Hurricane Cindy at 12 UTC 
August 30,1999 from NCDC.
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high pressure area was located north ofthe cold front The moist area in the water 
vapor imagery (Figure 80) north and northwest of Cindy was associated with the 
surface cokl front The surface cold front and vapor front were moving east and 
southeastward Cindy appeared to be moving eastward in response to the vapor front 
(surface cokl front) located north o f die stonn and the moistening that stretched 
eastward from the storm center, which was depicted in the 2115 UTC 29 August water 
vapor image (Figure 80).
Hurricane Cindy continued weakening and moving eastward 30 August Hurricane 
Cindy was a Category 1 storm with 80 knot winds moving northeast at 8 knots at 21 
UTC 30 August (Table 14). The water vapor imagery 30 August showed that die dry 
cores located west of Cindy woe moving eastward toward the storm. The surface 
cold front located north of Cindy and the surface high pressure area (Figure 81) were 
moving eastward toward Hurricanes Dennis and Cindy. The water vapor imagery 
appeared to had indicated an easterly track for Cindy in association with die other 
eastward-moving weather systems across the north Atlantic, which wwe apparently 
responding to die upper level westerly flow. Hurricane Cindy was absorbed into an 
extra-tropical low pressure system, located to its north, on 31 August The hurricane 
had remained in the Atlantic Ocean throughout its life cycle and did not cause any 
damages or loss of life (Bcvin, 1999).
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5.2.3 HURRICANE DENNIS
The NHC issued an advimy on Tropical Depression Five at 03 UTC 24 August 
The depression had formed north of Puerto Rico and was moving westward containing 
30 knot winds. The NHC named the depression Tropical Storm Dennis in its 18 UTC 
advisory. Dennis contained 40 knot winds and was moving to the west-north-west in 
the direction ofthe southern Bahama Islands.
Water vapor imagery on 24 August depicted the radiance temperature field 
associated with Tropical Storm Dennis. The 12 UTC 24 August surface weather chart 
(Figure 82) showed a stationary front extending eastward that stretched along the 
eastern U.S. Figure 83, the 2115 UTC 24 August water vapor image, depicted moist 
areas located over the southeastern U.S. near the surface stationary front. Four dry 
cores were depicted in the water vapor image (Figure 83). One dry core was located 
approximately 4° west-south-west of the storm center, a second approximately 9.33° 
west-south-west, a third approximately 10° northwest, and a fourth approximately 
10.67° southwest of die center of Dennis. Tropical Storm Dennis was moving toward 
die west-north-west at 9 knots (Table 15) at 21 UTC 24 August The track of Dermis, 
overlaid on Figure 83, showed that the storm was moving toward die northern edge of 
die dry core located west-south-west of Tropical Storm Dermis.
On 25 August Tropical Storm Dermis had weakened; the 03 UTC NHC advisory 
reported winds were at 40 knots (Table 15). The storm maintained drat intensity until 
18 UTC when the winds increased to 55 Knots. Table 16 showed that Dennis was
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Figure 82. The surface weather chart at 12 UTC August 24,1999 from NCDC.
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Figure 83. The GOES-8 water vapor image (channel 3) of Hurricane Dennis at 2113 UTC August 24, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 15 
Hurricane Dennis 1999 
A list of the stoon characteristics which are from die NHC advisories.
Date Time
UTC





08-24-99 03 T.D. 30 7 wnw
09 T£>. 30 7 wnw
15 T.D. 30 8 wnw
18 T.S. 40 8 wnw
21 T.S. 45 9 wnw
08-25-99 00 T.S. 45 stray
03 T.S. 40 10 wnw
06 T.S. 40 7 wnw
09 T.S. 40 7 wnw
12 T.S. 40 stray
15 T.S. 40 stray
18 T.S 55 stray
21 T.S. 55 stray
08-26-99 00 T.S. 55 stray
03 T.S. 55 3 wnw
06 Cat 1 65 3 wnw
09 C at 1 65 4 wnw
12 Cat 1 65 4 wnw
15 Cat. 1 65 6 wnw
18 Cat 1 65 stray
21 Cat 1 70 stray
08-27-99 00 Cat 1 70 drift wnw
03 Cat 1 70 5 wnw
06 Cat 1 70 5 wnw
09 Cat 1 70 6 wnw
12 Cat 1 70 6 wnw
15 Cat 1 70 6 wnw
18 Cat 1 80 6 wnw
21 Cat 1 70 6 wnw
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08-28-99 00 Cat 1 70 6 wnw
03 Cat 1 70 6 wnw
06 Cat 1 70 drift nw
09 Cat 1 70 5 nw
12 Cat 1 80 5 nw
18 Cat. 2 85 5 nw
21 Cat 2 90 5 nw
08-29-99 00 Cat. 2 90 6 nnw
03 Cat 2 90 6 mtw
06 Cat 2 90 6 nnw
09 Cat 2 85 7 nnw
12 Cat 2 85 9 nnw
15 Cat 2 90 9 n
18 Cat 2 90 9 n
21 Cat 2 90 11 n
23 Cat. 2 90 11 n
08-30-99 01 Cat. 2 90 11 n
03 Cat 2 90 12 nne
05 Cat 2 90 10 nne
07 Cat 2 90 10 ne
09 Cat 2 85 10 nne
11 Cat 2 85 13 ene
13 Cat 2 85 13 ene
15 Cat 2 85 13 ene
17 Cat 1 80 13 ene
19 Cat 1 80 13 ene
21 Cat 1 80 13 ene
08-31-99 00 Cat 1 80 12 ene
03 Cat 1 75 12 ene
06 Cat 1 80 6 ene
09 Cat 1 75 6 ene
12 Cat 1 70 stmy
15 Cat 1 65 stnry
18 Cat 1 65 3 w
21 Cat 1 65 3 w
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09-01*99 00 Cat 1 65 3 nnw
03 T.S. 60 3 nnw
06 T.S. 60 stray
09 T.S. 60 stray
12 T.S. 60 stray
15 T.S. 50 stray
18 T.S. 45 3 w
21 T.S. 50 3 w
09-02-99 00 T.S. 50 stray
03 T.S. 50 stray
06 T.S. 50 stray
09 T.S. 50 stray
12 T.S. 50 stray
15 T.S. 50 stray
18 T.S. 50 stray
21 T.S. 50 2 sw
09-03-99 00 T.S. 50 2 wnw
03 T.S. 50 4 ssw
06 T.S. 50 drift s
12 T.S. 50 drift s
15 T.S. 50 3 s
18 T.S. 50 drift erratic
21 T.S. 50 2 wnw
09-04-99 00 T.S. 50 drift wnw
03 T.S. 50 2 wnw
06 T.S. 50 I wnw
09 T.S. 50 5 wnw
12 T.S. 50 5 wnw
15 T.S. 55 8 nw
17 T.S. 55 8 nw
19 T.S. 60 8 nw
21 T.S. 60 9 nw
23 T.S. 60 9 nw
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(Tabic IS continued)
Date Time Stonn Category Wind Speed Storm Speed Storm Motion 
UTC knots knots
09-05-99 01 T.S. SO 9 nw
03 T.S. 45 8 nw
06 T.S. 40 8 nw
09 T.D. 30 9 nw
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stationary most of the day with the exception o f the 00 through 09 UTC advisories.
The dry core located approximately 4° west-south-west of Dennis at 2115 UTC 24 
August remained there through 0615 UTC. The 2115 UTC 25 August water vapor 
image (Figure 84) showed that the dry core located on die west side of Dennis had 
dissipated and the area was moistening. It appeared that Dennis' forward speed had 
slowed and the storm became stationary as it approached the dry core located to its 
west The subsequent water vapor images which showed that the dry area began 
moistening depicted a secondary convection center developing northwest of Dennis. 
The imagery showed dial die environment surrounding Dennis was relatively dry 
(warmer radiance temperatures), which appeared to had indicated that the storm 
would move slowly (Table 15).
Dennis reached hurricane intensity by 06 UTC 26 August containing 65 knot winds 
(Table 16). Hurricane Dennis moved very slowly west-north-west and became 
stationary at 18 and 21 UTC. Dennis continued a slow west-north-west movement 27 
August with slightly increased winds (Table 15). Hurricane Dennis reached Category 
2 intensity at 18 UTC 28 August and continued die slow movement; however, a 
course change had occurred from the west-north-west toward the northwest at 06 UTC 
28 August (Table 15).
The water vapor imagery from 26 through 28 August showed an evolving dry 
environment surrounding Hurricane Dennis. The 0315 UTC 28 August image (Figure 
85) showed a generally dry environment surrounding Hurricane Dennis. However, die
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Figure 84. The GOES-8 water vapor image (channel 3) o f Hurricane Dennis at 2115 UTC August 25, 1999

















Figure 85. The GOES-8 water vapor image (channel 3) o f Hurricane Dennis at 0315 UTC August 28, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
image showed (hat a moistening had begun in an area that extended northeast o f the 
storm's center. The moist areas south of Dennis (Figure 85) were feeder bands 
associated with the hurricane. The moistening toward the northeast of Dennis had 
continued throughout the day and a moist tongue had developed by 0615 UTC 28 
August The 1815 UTC 28 August image (Figure 86) was typical of the images for 28 
August, which had showed that die moist tongue extended toward the north and 
northeast of Dennis. A course change toward the north-north-west was reported by 
the NHC in their advisory at 00 UTC 29 August figure 86 showed that a dry core 
was located over Florida approximately 4.67° west of the center of Hurricane Dennis.
It appeared that the moist tongue, which had extended north and northeastward from 
the center of Dennis (Figure 86), along with the dry core located over Florida, were 
indicators that a northerly turn would occur.
The 12 UTC 29 August surface weather chart (Figure 87) depicted Hurricane 
Dennis located east of Jacksonville, Florida. The NHC 12 UTC advisory on Dennis 
reported 85 knot winds, Category 2 intensity, and the hurricane was moving toward 
the north-north-west at 9 knots (Table 15). Hurricane Dennis began moving due north 
at 15 UTC 29 August (Table 15). The surface weather chart (Figure 87) depicted a 
southward moving cold front and surface high pressure system located north and 
northwest of Dennis. The surface weather chart had not shown any significant surface 
features west of Hurricane Dennis. The 12 UTC 500 mb chart (Figure 88) showed a 
low pressure system centered off Florida, Dermis, and a low to the west of Dennis
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Figure 86. The GOES-8 water vapor image (channel 3) o f Hurricane Dennis at 1815 UTC August 28, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
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Figure 87. The surface weather chart depicting Hurricane Dennis at 12 UTC 
August 29, 1999 from NCDC.
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Figure 88. The 500 mb chart at 12 UTC August 29, 1999 from NCDC.
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over southern Mississippi and western Florida. The 500 mb chart showed that the 
wind flow was counterclockwise around the 5820 m height low, Dennis, and die low 
near Mississippi.
The 1215 UTC water vapor image on 29 August (Figure 89) was representative of 
the radiance temperature field for that day. The image showed Dennis east of 
Jacksonville Florida, a dry core located approximately 8.67° east o f die cater of 
Dennis, a second dry core approximately 8.67° west-south-west, and a third located 
approximately 8.0° southwest o f the storm's center. The dry cores located west of 
Dennis were associated with the low pressure system depicted on the 500 mb chart 
(Figure 88) over southern Mississippi; however, the surface weather chart (Figure 87) 
had not shown surface features west of Dermis. The water vapor image (Figure 89) 
had depicted features that resulted in the due north turn at 15 UTC 29 August and the 
subsequent northeast and easterly curvature that occurred on 30 August. The three dry 
cores appeared to have been an indication that Dennis would not move eastward or 
westward toward the dry cores shown in Figure 89. The 500 mb low west of Dennis 
had a counterclockwise circulation which had indicated that Dennis would move 
northward. Figure 89 showed that a moist tongue, which had developed on 28 August 
(Figure 85), extended north o f Dennis with a further extension eastward into die 
Atlantic Ocean. The moist tongue akmg with die dry cores and 500 mb low had 
indicated that the future track of Dennis would be toward the north and then 
eventually eastward.
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Figure 89. The GOES-8 water vapor image (channel 3) o f Hurricane Dennis at 1215 UTC August 29, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The NHC advisoiy on Hurricane Dennis had reported a due north movement from 
15 UTC 29 August through 01 UTC 30 August (Tabie 15). The storm turned toward 
the north-north-east at 03 UTC 30 August and continued that motion through the 09 
UTC advisory with the exception of a northeast movement reported in the 07 UTC 
advisory. The 11 UTC 30 August advisory had reported an east-north-east track that 
continued through 09 UTC 31 August Table 15 showed that Dennis was stationary at 
the 12 and 15 UTC 31 August NHC advisories. The radiance temperature field on 28 
and 29 August in Figures 85, 86, and 89 which had shown the location of dry cores 
and a moist tongue near the hurricane had indicated the north and eventually east- 
north-cast track of Hurricane Dennis on 30 and 31 August
The water vapor imagery on 31 August had showed that changes occurred in the 
moisture field surrounding Hurricane Dennis. The hurricane had moved north and 
eastward but at 18 UTC 31 August, the NHC had reported that Dennis had turned 
toward the west (Table 15). The 1815 UTC 31 August water vapor image (Figure 90) 
showed the moisture field associated with Hurricane Dermis, which was located along 
the eastern U.S. coast Dennis was reported centered at 35.20° north and 73.20° west 
in the NHC 18 UTC 31 August advisory. Dennis was a category 1 intensity hurricane 
with 65 knot winds (Table 15). Figure 90 showed that one dry core was located 
approximately 2° south-south-east and a second at approximately 9.33° southeast of 
the center o f Dennis. Another dry area was located north and northeast o f Dennis 
which was associated with a surface cold front and high pressure system.
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Figure 90. The GOES-8 water vapor image (channel 3) of Hurricane Dennis at 1815 UTC August 31, 1999 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The 12 UTC 31 August surface chart (Figure 91) showed a stationary front located 
just north o f Dennis and a cold front near Florida and die southern U.S. Gulf coast. A 
large high pressure center was north-north-west of the hurricane. The dry areas near 
Hurricane Dermis had indicated that die atmospheric environment surrounding the 
storm was hostile to further strengthening and Table 13 showed that Dennis had 
entered a weakening period which continued into 1 September. Hurricane Dennis 
moved slowly or was stationary through 3 September and on 3 September, die storm 
moved toward die south at times (Table 13).
Figure 90 and subsequent water vapor imagery on 1, 2, and 3 September showed a 
similarly hostile but evoking environment surrounding Hunicane Dennis. The 21 
UTC 3 September NHC advisory placed Dennis at 33.10° north and 73.90° west 
which was near the 33.20° north and 73.20° west location that had been reported in 
the NHC 1815 UTC 31 August advisory. The 2113 UTC 3 September water vapor 
image (Figure 92) showed a large dry area located east of die storm. This area had 
slowly intensified from 31 August through 3 September. The dry area had prohibited 
the eastward advance of Dennis on 31 August The dry area to die east o f Dennis 
grew larger in area, developed westward, and strengthened, which had apparently 
indicated that Dennis would drift westward toward the U.S. coast However, dry areas 
west o f Dennis (Figure 92) apparently had indicated that Dennis would not advance 
toward the west or that a westward movement would be slow. The large surface high 
pressure system (Figure 91) remained to die northwest and north of Dennis and a
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Figure 91. The surface weather chart depicting Hurricane Dennis at 12 UTC 
August 31, 1999 from NCDC.
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Figure 92. The GOES-8 water vapor image (channel 3) o f Hurricane Dennis at 2115 UTC September 3, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stoim center.
high pressure ridge extended south o f the high over Florida. The dry areas located 
west and southwest o f Demos woe associated with die surface high center and lidge 
located to the north and southwest of the storm. A diy area behind the remnants of a 
dissipated stationary front north of Dennis inhibited a northward movement; therefore, 
Dennis meandered, moved slowly, and remained weak through 3 September.
Dennis was a tropical storm at 21 UTC 3 September. Tropical Storm Dennis 
contained SO knot winds at 21 UTC and began a west-north-west drift at 2 knots 
toward the North Carolina coast (Table IS). The NHC IS UTC 4 September advisory 
reported that die tropical storm's wind speed had intensified to SS knots and that the 
storm had turned toward the northwest and was moving slightly faster at 8 knots. The 
northwest track continued through the remaining life cycle of Dennis (Table IS). The 
surface high pressure system had remained north of Dennis. Dennis reached the 
North Carolina coast just east of Harkets Island at 21 UTC 4 September with 60 knot 
winds (Beven, 2000).
Water vapor imagery on 4 and 5 September had showed that dry areas remained 
south and west of die storm. The 211S UTC 4 September water vapor image (Figure 
93) showed that the radiance temperatures were warmer, in the dry area located to die 
east of Dennis, dun the radiance temperatures in the dry area located to the west of 
the storm. That apparently had indicated that the dry feature east of Dennis was a 
stronger system than the area located to the west of Dennis; therefore, Dennis had 
moved westward in the direction of die weaker dry area. Figure 93 showed that two
222
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Figure 93. The GOES-8 water vapor image (channel 3) of Hunicane Dennis at 2115 UTC September 4, 1999 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
dry cores were located in the dry area located to the west of Dennis, which was 
approximately 6.67° west and 8° south-south-west of die storm's center. Apparently 
Dennis had moved northwestward rather than west toward the dry cores due to their 
influence.
Dennis weakened after landfall and was downgraded to a tropical depression by the 
NHC in their 09 UTC 5 September advisory. The remains o f Dennis moved 
erratically and became extra-tropical over northern New York on 7 September 
(Beven, 2000). Four deaths occurred in Florida due to high surf generated by the 
storm and S1S7 million in damage was estimated to have occurred in the U.S. (Beven, 
2000).
5.2.4 TROPICAL STORM EMILY
Tropical Storm ErnOy developed approximately 360 nautical miles east of the 
southern Windward Islands on 24 August (Beven, 2000). The NHC issued its first 
advisory on Tropical Storm Emily at 21 UTC 24 August Tropical Storm Emily had 
developed from a tropical wave dot had been moving westward across die Atlantic 
Ocean from 19 through 23 August
Water vapor radiance temperatures had revealed that a very dry environment was 
surrounding Emily. The 2115 UTC 25 August image (Figure 94) was representative 
of the radiance temperature field that occurred around and within Entity on 24 and 25 
August Two dry cores were depicted in Figure 94, one was located approximately 
12.67° west of die storm’s center and die second approximately 7.33° northwest of
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Figure 94. The GOES-8 water vapor image (channel 3) of Tropical Storm Emily at 2115 UTC August 25 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Emily. The water vapor image showed a weak moist tongue in between the two dry 
cores stretching to the northwest of Emily. Tropical Storm Emily was moving 
northwest at 6 knots at 21 UTC and would continue that track through the IS UTC 26 
August advisory (Table 16). Emily's peak wind speed during its life cycle was 
reported at SS knots in the NHC 21 UTC 24 August advisory. Winds decreased to 40 
knots at 03 UTC 25 August and remained at that speed through IS UTC 26 August 
(Table 16). The water vapor imagery (Figure 94) had depicted a dry environment 
surrounding Emily from the storm’s birth which was not favorable for development. 
The dry environment appeared to had indicated that Emily would remain a weak 
system. Tropical Storm Emily was downgraded to a tropical depression at 21 UTC 26 
August with 30 knot winds. Depression Emily changed course at 21 UTC and had 
begun moving due north at 9 knots. This north track continued through the remaining 
life cycle of Emily (Table 16).
Hurricane Cindy (Section 5.2.2) was located in the Atlantic Ocean north-north-east 
o f Emily. The 21 IS UTC 26 August water vapor image (Figure 9S) depicted Cindy 
located north of Emily as well as Hurricane Dennis which was located north of the 
Dominican Republic. Figure 95 showed that one dry core was located approximately 
17° west o f Emily and a second dry core was approximately 4.67° northwest of the 
storm’s center. A dry area north of Emily had separated Hunicane Cindy and Tropical 
Depression Emily. Hurricane Cindy was a large intensifying Category 1 hurricane at 
21 UTC 26 August The dry areas shown in Figure 95 surrounding Hunicane Cindy
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TABLE 16
Tropical Storm Emily 1999 
A list o f die storm characteristics winch are from die NHC advisories.
Date Time
UTC





08-14-99 21 T.S. 55 stmy
08-25-99 03 T.S. 40 6 n
09 T.S. 40 5 rmw
21 T.S. 40 6 nw
08-26-99 03 T.S. 40 5 nw
09 T.S. 40 6 nw
15 T.S. 40 7 nw
21 T.D. 30 9 n
08-27-99 03 T.D. 30 9 n
09 T.D. 30 9 n
15 TD. 30 9 n
21 T.S. 40 9 n
08-28-99 03 T.S. 40 7 n
09 T.S. 35 6 n
15 T.D. 30 6 n
227

















Figure 95. The GOES-8 water vapor image (channel 3) of Tropical Storm Emily at 2115 UTC August 26, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
depicted the outflow from Cindy. The outflow was inhibiting the development of 
Entity by creating an environment near the depression which impeded convective 
activity and produced upper level wind shear over Emily. The counterclockwise wind 
circulation around die very large intensifying Hunicane Cindy had begun to pud 
Emily northward toward the larger hunicane (Table 16). Therefore, Emily had begun 
to move north toward a dry area shown in Figure 95, as a result o f the influence from 
the much stronger and larger Hunicane Cindy.
Emily continued on the north track on 27 August but regained tropical storm 
strength with 40 knot winds being reported in the 21 UTC 27 August NHC advisory 
(Table 16). Throughout the day of 27 August, water vapor imagery was similar to 
Figure 95 and showed that dry areas surrounded Emily. Three dry cores, one located 
approximately 4.33° northwest, a second located approximately 2.67° west, and a 
third approximately 10.0° west of die center of Emily were depicted in the water 
vapor image.
The water vapor image at 1515 UTC 28 August (Figure 96) depicted Emily as a 
tropical depression containing 30 knot winds (Table 16). Figure 96 showed a very dry 
area located southeast of Emily, a dry core located approximately 6.67° west of 
Emily, and Hunicane Cindy located north of Emily. The moisture associated with 
Emily was located to die west of die storm’s center which was visible in Figure 96. 
Emily's center was marked by the last X in the storm's track overlaid in Figure 96, 
which was die 15 UTC 28 August advisory position of Emily reported by the NHC.
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Figure 96. The GOES-8 water vapor image (channel 3) o f Tropical Storm Emily at ISIS UTC August 28, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The radiance temperature field depicted in Figure 96 had shown Emily being 
incoiporated (absorbed) within the much larger and powerful circulation of Hurricane 
Cindy. Hunicane Cindy was a Category 4 hurricane with 120 knot winds at 
IS UTC 28 August Water vapor imagery showed that Emily was in a dry 
environment, which was not conducive to development, throughout its life cycle. 
Emily was a small system which was located over the Atlantic Ocean, far from land 
areas throughout its life; therefore, there were no reported damage or casualties 
associated with Tropical Storm Emily.
5.2.5 HURRICANE FLOYD
September 7,1999 a tropical depression formed along an easterly wave in the 
eastern Atlantic Ocean. This tropical depression was the initial development stage of 
an intense hurricane, Hunicane Floyd. The tropical depression intensified to tropical 
storm strength on September 8. Water vapor imagery on 8 and 9 September showed 
that dry areas surrounded Floyd. Within the dry areas dry cores were located 
southwest and northwest o f Floyd. Floyd had tracked west-north-westward through 
die Atlantic Ocean and became a Category 1 hurricane at 12 UTC 10 September with 
70 knot winds (Table 17).
The 2115 UTC 10 September water vapor radiance temperature field (Figure 97) 
depicted three dry cores near Floyd. One was located approximately 12.1° southwest, 
a second approximately 8.68° southwest, and die third approximately 9.17° west- 
north-west of Floyd’s center. A moist tongue extended north of Floyd and the storm's
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TABLE 17 
Hunicane Floyd 1999 
A list of die storm characteristics which are from die NHC advisories.
Date Time
UTC





09-08-99 21 T.S. 45 14 wnw
09-09-99 03 T.S. 50 14 wnw
09 T.S. 50 13 wnw
15 T.S. 50 12 wnw
21 T.S. 60 13 wnw
09-10-99 00 T.S. 60 9 w
03 T.S. 60 9 wnw
09 T.S. 60 10 wnw
12 C at 1 70 10 wnw
15 Cat 1 70 9 wnw
18 Cat 1 70 9 wnw
21 Cat 1 70 10 nw
09-11-99 00 Cat 1 75 10 nnw
03 C at 1 80 10 nw
09 Cat. 2 90 9 nw
15 C at 2 95 9 nw
21 Cat 2 95 10 wnw
09-12-99 03 Cat 2 95 10 wnw
09 Cat 2 95 11 w
15 Cat 3 105 10 w
18 Cat 3 105 10 w
21 Cat 3 110 12 w
09-13-99 00 Cat 4 125 12 w
03 Cat 4 125 12 w
09 Cat 4 135 12 w
12 Cat 4 135 12 w
15 C at 4 135 12 w
18 Cat 4 135 12 w
21 Cat 4 135 14 w
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09-14-99 00 Cat. 4 135 14 w
03 Cat 4 135 12 w
09 Cat 4 135 12 w
12 Cat 4 130 12 wnw
15 Cat 4 125 12 wnw
18 Cat 4 120 12 wnw
21 Cat 4 120 10 nw
09-15-99 00 Cat 4 120 10 nnw
03 Cat 4 120 11 nw
09 Cat. 4 120 12 nnw
12 Cat 4 115 12 nnw
15 Cat. 3 110 12 nnw
17 Cat 3 n o 12 nnw
19 Cat 3 105 12 nnw
21 Cat 3 100 15 n
23 Cat 3 100 15 n
09-16-99 01 Cat 3 100 15 nne
03 Cat 3 100 16 nne
07 Cat 2 95 16 nne
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Figure 97. The GOES-8 water vapor image (channel 3) of Hurricane Floyd at 2115 UTC September 10, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stonn center.
convective area was located northwest of the storm's center in Figure 97. Water vapor 
imagery sequences had showed that Hurricane Floyd and the dry areas located to the 
west of the storm were all moving in a westerly direction on 10 September. The water 
vapor imagery also showed that a vapor front was located from the southwestern Gulf 
of Mexico stretching northeastward across Florida and along the eastern U.S. coastal 
areas.
The 12 UTC 10 September weather chart (Figure 98) showed that a cold front, 
which had moved south and southeastward, was located off the eastern U.S. coast 
The vapor front depicted in Figure 97 was located near die Gulf and East U.S. coastal 
areas and was associated with die surface cold front. Table 18 showed drat Floyd had 
continued a northwest track from 21 UTC 10 September through 15 UTC 11 
September and slowly intensified to category 2 hurricane status on 11 September. It 
appeared that Floyd was tracking between the two dry cores depicted in the water 
vapor image (Figure 97) located to die storm's southwest and northwest.
The 2115 UTC 11 September water vapor image (Figure 99) showed that two dry 
cores were located approximately 13.33° southwest and 7.1° west-south-west of 
Floyd's center. Floyd had begun to move west-north-west at 21 UTC 11 September 
but at 09 UTC 12 September, turned west (Table 17). Figure 99 for 2115 UTC 11 
September showed that a moistening had begun toward the west-north-west of Floyd's 
center. The vapor front remained over the Gulf of Mexico and off the eastern U.S. 
coast. The vapor front was associated with a southeasterly moving cold front.
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Figure 98. The surface weather chart at 12 UTC September 10, 1999 from NCDC.
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Figure 99. The GOES-8 water vapor image (channel 3) o f Hunicane Floyd at 2115 UTC September 11, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Hurricane Floyd had intensified on 12 September to Category 3 hurricane status at 
IS UTC with 10S knot winds and was moving west The 2115 UTC 12 September 
water vapor image (Figure 100) had showed a moistening, which had begun on 11 
September, had continued toward die west and west-north-west of Floyd's center.
Two dry cores were located near Floyd at 2115 UTC 12 September. One dry core 
was located approximately 9.17° southwest and a second approximately 13.33° 
northwest of the center of Floyd. Floyd was moving westward toward the Bahamas 
Islands and Florida, toward areas depicted in the water vapor imagery with greater 
moisture content located over Florida and Cuba. Dry conditions remained over the 
western and central Gulf of Mexico and extended northeastward along the eastern 
U.S. coast north of Hunicane Floyd. A meandering vapor front extended from the 
southwestern Gulf northeast and eastward into the Atlantic Ocean, north of Floyd. 
Figure 100 appeared to had indicated that Floyd would impact the Bahamas Islands 
and Florida. Hunicane Floyd had intensified to Category 4 status by 00 UTC 13 
September containing 125 knot winds. The NHC reported winds had increased to 135 
knots, just under category 5 status of 136 knots, in their 09 UTC 13 September 
advisory. Floyd was a dangerous hurricane and continued moving west near 12 knots 
throughout the day.
The 2115 UTC 13 September water vapor image (Figure 101) showed that a drying 
had occurred, during the previous 24 hour period, over the southeastern U.S., Florida, 
and the Atlantic Ocean area north of Floyd. A comparison of Figure 100 (2115 UTC
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Figure 100. The GOES-8 water vapor image (channel 3) o f Hurricane Floyd at 21 IS UTC September 12, 1999

















Figure 101. The GOES-8 water vapor image (channel 3) of Hurricane Floyd at 2115 UTC September 13, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
12 September) and Figure 101 (211S UTC 13 September) showed the changes that 
had occurred in the radiance temperature field. Figure 101 for 2115 UTC 13 
September showed that mo dry cores were located near Floyd, one approximately 
12.91° north-north-east and the second approximately 10.41° south-south-west of 
Floyd. A secondary convection center had developed over coastal North Carolina by 
2115 UTC 13 September (Figure 101) and a moist tongue had developed northward 
from Floyd into the convection center. A vapor front had remained meandering across 
the Gulf, Florida, and into the Atlantic Ocean. The drying over the southeastern U.S. 
and Florida along with a developing moist tongue and secondary convection center 
north of Floyd appeared to have indicated that Floyd would turn to a more northerly 
track and not move into Florida. However, the most extensive peace time evacuation 
in U.S. history was about to begin due to the intensity and massive size of Hunicane 
Floyd which was approaching the Bahama Islands.
Hurricane Floyd's eye had been located just north of San Salvador, Bahama, at 0015 
UTC 14 September 1999. Hurricane Floyd which was located near the Bahamas on 
14 September 1999 and moving westward, had became a threat to the United States. 
Floyd had continued on a west track near 12 knots until 12 UTC 14 September when 
the NHC reported that a west-north-west turn had occurred, that was the beginning of 
a northerly turn. The 21 UTC 14 September advisory reported that Floyd was on a 
northwest track and by 00 UTC 15 September, a north-north-west track had developed 
(Table 17). Table 17 showed that Hurricane Floyd had weakened at 12 UTC 14
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September. The intense hunicane had peaked on 13 and 14 September at 135 knot 
wind speeds, just under Category 5 status. Floyd moved across Eleuthera and Abaco 
Island in the Bahamas (Beven, 2000) just alter the winds decreased on 14 September.
The water vapor imagery far 14 September showed that changes in the radiance 
temperature field that had begun on 11 September over die southeastern U.S. and off 
the North Carolina coast had continued to evolve. The 2115 UTC 14 September 
water vapor image (Figure 102) showed that the moist tongue had became more 
pronounced and had continued to extend itself farther to the north of Floyd. The dry 
areas over the southern and southeast U.S. had became more diy. A strong vapor 
front had begun to take shape at 00 UTC 14 September. Figure 102 shows that the 
vapor front was located along the western side o f Floyd and extended north-north- 
eastward along the U.S. east coast
The 12 UTC 14 September surface weather chart (Figure 103) showed that a 
surface stationary front was located across the southern U.S. and it extended 
northward into Canada. Floyd was positioned near the Bahama Islands and remnants 
of a stationary front were located in die Atlantic north of Hurricane Floyd. The vapor 
front in Figure 102 was associated with the surface stationary front However, the 
vapor front in Figure 102 demarcated a sharp radiance temperature boundary, which 
was located closer to Floyd than where the surface weather charts had depicted it 
It appeared that the combination of the development o f a sharp vapor front on 14 
September, the dry area west of die vapor front, a dry area east of Floyd in die
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Figure 103. The surface weather chart depicting Hurricane Floyd at 12 UTC 
September 14,1999 from NCDC.
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Atlantic, and the moist tongue stretching north from Floyd bad indicated that 
Hurricane Floyd would turn northward and not move into Florida. Table 17 showed 
that Floyd turned northwest from a west-north-west track at 21 UTC 14 September 
then continued on the more northerly track on IS September. Table 17 showed that 
Hurricane Floyd had changed course at 00 UTC 15 September toward die north-north- 
west then at 21 UTC had begun a due north track. The winds steadily decreased on IS 
September and Floyd was a category 3 hurricane with 100 knot winds at 21 UTC IS 
September (Table 17).
Water vapor imagery during the afternoon of 15 September showed a very strong 
radiance temperature gradient along die western side of Floyd. The vapor front 
separated the moist area associated with Floyd from the very dry area located over the 
Gulf of Mexico. Sequences of GOES 8 water vapor imagery, covering a 48 hour 
period, had shown that a drying (warming) had occurred in that area. Dry conditions 
also prevailed east of Floyd in die Atlantic Ocean. The North and South Carolina area 
had moistened significantly after a secondary convection center first developed at 
2115 UTC 13 September (Figure 101).
Hurricane Floyd made Landfall near Cape Fear, North Carolina, at 0630 UTC 16 
September (Beven, 2000) The storm contained 95 knot winds, a Category 2 
hurricane, and was moving north-north-east at 16 knots at the time of landfall. The 
071S UTC 16 September water vapor image (Figure 104) showed the moisture 
associated with Floyd near the time of landfall. GOES 8 water vapor imagery had
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Figure 104. The GOES-8 water vapor image (channel 3) o f Hurricane Floyd at 071$ UTC September 16,1999 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
shown a shift of (he most intense moist areas and the moist tongue that stretched 
north of Floyd into the North Carolina area. A strong vapor front continued along 
Floyd's western side and a very dry area remained to the northwest and southwest of 
Floyd's cento’. It appeared that die moist tongue and positions of die vapor front and 
dry cores had indicated that Floyd would move into the Cape Fear area of North 
Carolina and continue on a north-north-east track.
The surface weather charts for 16 September showed that a large surface high 
pressure system was located over the U.S. Midwest; however, the surface charts did 
not show any fronts near Floyd with the exception of a stationary front near Canada, 
located north of die hurricane. The water vapor imagery had depicted a strong vapor 
front west of Floyd and very dry areas to the northwest and south of the hurricane, 
which apparently had indicated the future track of Floyd.
The water vapor images received every 30 minutes on IS and 16 September had 
continued to show Floyd's advance into die more moist tongue area to the storm's 
north. The moist tongue area was spreading eastward in the Atlantic off Delaware 
and New Jersey and a maximum secondary convection area had developed, first over 
Virginia, then shifted into Delaware and then the Atlantic Ocean. The vapor front 
remained strong to the west of Floyd but shifted westward along its northern end. 
Drier air could be seen spreading south o f die hurricane and relatively dry air 
remained to the storms east in the Atlantic. This appeared to have allowed Floyd to 
advance north and north-north-eastward into North Carolina. It appeared that the
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water vapor imagery had indicated that the future track of Hurricane Floyd would be 
north into the moist tongue over the Carohnas.
Hurricane Floyd weakened after landfall to tropical storm strength on 16 
September near die New Jersey coast and became extra-tropical over New F-ngtanri an 
17 September (Bcvcn, 2000). Hurricane conditions had occurred over the Bahama 
Islands and portions o f eastern North Carolina. The highest winds over land were 106 
knots near Topsail Beach, North Carolina (Bcven, 2000). Tropical storm force winds 
had occurred from central Florida to New Hampshire. The combination of a frontal 
system over die eastern U.S. and Floyd had caused flooding over the mid-Atlantic 
states and New England, which resulted in S3 - 6 billion in damages (Bevcn, 2000). 
One death was reported in the Bahamas and 56 deaths occurred in the U.S., mostly 
from fresh water flooding (Bcven, 2000).
5.2.6 HURRICANE GERT
On 15 UTC September the NHC issued its first advisory on Tropical Depression 
Nine which developed south of the Cape Verde Islands. Tropical Depression Nine 
had 30 knot winds however, die NHC reported winds had increased to 35 knots at 15 
UTC 12 September and they named the depression Tropical Storm Gert. Gert moved 
on a west-north-west track and had intensified to a Category 1 hurricane with 65 knot 
winds at 15 UTC 13 September. Hurricane Gert had intensified to 90 knot winds, a 
Category 2 hurricane, at 09 UTC 14 September and in their 21 UTC advisory, die 
NHC upgraded Gert to a Category 3 hurricane, containing 100 knot winds. Hurricane
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Gert continued its intensification to a Category 4 hurricane with 115 knot winds at 15 
UTC and in die 21 UTC advisory IS September the NHC reported winds at 130 knots, 
a very strong category 4 hurricane.
Hie ISIS UTC IS September water vapor image (Figure 10S) showed Category 4 
Hurricane Gert with dry areas located northwest and southwest o f the storm's center. 
One dry core was located approximately 10° west-south-west and a second at 11.66° 
northwest of Gerfs center. Table 18 showed that Gert had been moving on a generally 
due west track but that die storm was slowing in forward speed. Hurricane Gert was 
moving westward, between die two dry cores located in Figure 105 west-south-west 
and northwest o f die storm, toward a more moist area emanating from a convective 
center located northwest of Gert
Beven (2000) indicated that Gert had reached its peak intensity on 16 September 
with 130 knot winds. Table 18 listed 130 knot winds at 03 UTC 16 September then 
showed that Gerfs winds had decreased to 115 knots by 21 UTC. The storm moved 
between west and west-north-west at approximately 9 knots throughout die day of 16 
September (Table 18). The water vapor imagery continued to show dry areas located 
west-south-west and northwest of Gerfs center. However, the 2115 UTC 16 
September water vapor image (Figure 106) showed a (fay core located approximately 
7.1° west-north-west o f Gerfs center. Water vapor imagery on 16 September had 
shown that the dry areas west of Gert were drying (wanning radiance temperatures)
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Figure 10S. The GOES-8 water vapor image (channel 3) of Hurricane Gert at ISIS UTC September IS, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 18 
Hurricane Gert 1999 
A list o f the storm characteristics which are from die NHC advisories.
Date Time
UTC





09-14-99 03 Cat. 1 75 14 w
09 Cat 2 90 13 wnw
15 Cat 2 90 14 w
21 Cat 3 100 14 w
09-15-99 03 C at 3 110 12 w
09 C at 3 110 13 wnw
15 C at 4 115 11 w
21 Cat 4 130 11 w
09-16-99 03 Cat 4 130 9 w
09 Cat 4 125 9 wnw
15 Cat 4 125 8 w
21 Cat 4 115 9 wnw
09-17-99 03 Cat 4 115 7 nw
09 Cat 4 120 9 wnw
15 Cat 4 120 9 wnw
21 Cat. 4 115 8 nw
09-18-99 03 CaL 3 110 7 nw
09 Cat 3 no 8 nnw
15 Cat. 3 105 11 nw
21 Cat 3 105 9 nw
09-19-99 03 Cat 3 no 9 nnw
09 Cat 4 115 7 nw
15 Cat 4 115 11 w
21 Cat 4 115 10 nw
09-20-99 00 Cat 4 115 10 nw
03 Cat 4 115 10 nw
06 Cat 4 115 11 nw
09 Cat. 3 110 11 nw
12 Cat 3 105 8 nw
15 Cat. 3 105 8 nw
18 C at 3 105 8 nnw
21 Cat 3 105 8 nnw
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09-21-99 00 Cat 3 100 8 nnw
03 Cat 2 95 10 nnw
06 Cat 2 95 10 nnw
09 Cat 2 95 9 n
12 Cat 2 95 9 n
15 Cat 2 95 11 n
18 Cat 2 90 11 n
21 Cat 2 90 17 nnc
09-22-99 03 CaL 1 75 16 nne
09 Cat. 1 75 20 nne
15 Cat. 1 75 24 nne
21 Cat 1 75 24 nne
09-23-99 03 Cat. 1 70 26 nne
09 T.S. 60 24 nne
15 T.S. 60 26 ne
252

















Figure 106. The GOES-8 water vapor image (channel 3) of Hurricane Gert at 2115 UTC September 16,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
and shifting south-south-westward. That trend continued through 17 September and 
die 2115 UTC 17 September image, Figure 107, showed a dry core located 
approximately 7.5° west-south-west of Gerfs center. That was nearly the same 
location die dry core had been located 24 hours earlier (7.1° west-north-west) at 2115 
UTC 16 September. Table 18 showed that Gert was changing course moving between 
west-north-west and northwest on 17 September. It appeared that the persistent dry 
core west of Gert had indicated a more northerly track would occur.
The 12 UTC 17 September surface weather chart (Figure 108) showed a cold front 
located across Florida and extending into die Atlantic Ocean. Figure 107 depicted a 
vapor front that was located across die southern Gulf of Mexico and meandered 
eastward then northeastward into the Atlantic Ocean. The vapor front was associated 
with the surface cold front. The surface cold front and vapor front were moving south 
and eastward wefl to the west of Gert The eastward moving vapor front (Figure 107) 
appeared to have been an indicator that Gert would track more northward ahead of the 
approaching vapor front which was associated with the surface cold front and a 
trough.
Hurricane Gert continued on a northwest track on 18 September at near 9 knots 
and its winds decreased slightly to Category 3 hurricane intensity (Table 18). The 
2115 UTC 18 September water vapor image (Figure 109) showed a dry core located 
approximately 9.17° southwest o f Gerfs center. The vapor front (trough) northwest of 
Gert had advanced eastward toward the hurricane. A moist tongue had developed on
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Figure 107. The GOES-8 water vapor image (channel 3) of Hurricane Gert at 2115 UTC September 17, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
091799122 /




Figure 108. The surface weather chart at 12 UTC September 17, 1999 from NCDC.
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Figure 109. The GOES-8 water vapor image (channel 3) of Hurricane Gert at 2115 UTC September 18,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
18 September in the water vapor imagery north o f Gert. The moist tongue had 
extended farther north from Geit throughout the day. It appeared that Gert had 
changed track toward the northwest in response to the drier area southwest of the 
storm, the approaching vapor front, and the moist tongue that had extended itself 
north o f Geit
Hurricane Gert continued on a northwesterly track on 19 and 20 September moving 
near 10 knots throughout the period (Table 18). Gerfs Category 4 hurricane status 
winds were 115 knots on 19 September but decreased to Category 3 status at 09 UTC 
20 September (Table 18). Gerfs forward speed decreased at 15 UTC and die 
hurricane changed course toward die north-north-west at 18 UTC 20 September.
Water vapor imagery on 19 and 20 September showed that the vapor front was 
advancing eastward toward Gert as the hurricane moved northwestward. The radiance 
temperature gradient increased as the two systems approached each other. The 2115 
UTC 20 September water vapor image (figure 110) had depicted the vapor front 
located along the western edge of Gert. Moisture from feeder bands and ahead of the 
vapor front were located south of Gert in the water vapor image. Avery dry core was 
located west of the vapor front approximately 5° west-south-west o f Gerfs center. A 
moist tongue extended north and north-norlh-castward from Gert ahead of the vapor 
front (trough). The moist tongue had extended itself farther toward the north and 
north-north-east throughout die period on 19 and 20 September. Monitoring die 
GOES 8 water vapor imagery every 30 minutes on 19 and 20 September had shown
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Figure 110. The GOES-8 water vapor image (channel 3) of Hurricane Gert at 21 IS UTC September 20, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
the changes that occurred which were depicted in Figure 110. The imagery had 
appeared to have indicated that Geit would turn to a more northerly track ****** o f the 
vapor front (trough). The moist tongue appeared to have indicated that Gerfs future 
track would become more north-north-easterly.
Hurricane Gert diminished to a 95 knot Category 2 hurricane at 03 UTC 21 
September and turned to a due north track at 09 UTC. Table 18 showed that Gert had 
changed course toward the north-north-east at 21 UTC 21 September as the water 
vapor images on 19 and 20 September had apparently indicated would occur. Gert's 
forward speed increased on 21 September as the storm moved into the north Atlantic 
ahead o f die eastward advancing vapor front (Table 18).
Water vapor imagery on 21 September showed that the vapor front was merging 
with Hurricane Gert in the north Atlantic and that dry cores were located near Gert. 
One dry core was located west-north-west of the storm behind the vapor front; it had 
moved closer to Gert as die vapor front merged with the storm. The 2115 UTC 21 
September water vapor image (Figure 111) showed that the dry core was located 
approximately 5.83° northwest of Gerfs center. There was a tight radiance 
temperature gradient located along the west side of Gert which demarcated the 
merged vapor front. A moist tongue extended north-north-east from Gert. These 
water vapor image features appeared to have indicated that Gerfs future track would 
be toward the north-north-east Table 18 showed that a track change had occurred at
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Figure 111. The GOES-8 water vapor image (channel 3) of Hurricane Gert at 2115 UTC September 21, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
21 UTC 21 September toward (he north-north-east. Geit continued on the north- 
north-east track on 22 and 23 September, but turned toward the northeast at 15 UTC 
23 September.
Hurricane Gert weakened steadily on 22 September and was downgraded to a 
tropical storm with 60 knot winds at 09 UTC 23 September (Table 18). Gerfs 
forward speed increased as the storm moved across the north Atlantic. & appeared 
that die water vapor imagery had indicated that Gerfs future track would be into the 
moist tongue ahead of the vapor front, as the vapor front (trough) approached the 
hurricane from the west. Hurricane Gert had remained in the Atlantic Ocean 
throughout its life cycle. The storm passed approximately 115 miles east of Bermuda 
on 21 September resulting in 65 - 70 knot sustained winds with gusts to 76 knots 
(Beven, 2000). There were no reports of damages from Gert; however, Beven (2000) 
indicated that two deaths occurred on die coast of Maine due to large swells generated 
by the hurricane.
5.2.7 TROPICAL STORM HARVEY
Tropical Depression Ten developed at 10 UTC 19 September from a tropical wave 
that had moved off the African coast on 4 September. The wave had moved westward 
across die Atlantic Ocean and Caribbean Sea. Tropical Depression Ten formed in the 
eastern Gulf of Mexico containing 30 knot winds and was moving slowly northward 
19 September. The 1015 UTC 19 September water vapor image (Figure 112) showed 
the moisture associated with Tropical Depression Ten over the eastern Gulf. Avery
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Figure 112. The GOES-8 water vapor image (channel 3) of Tropical Storm Harvey at 1015 UTC September 19, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
diy area was located west o f the stonn with a dry core positioned approximately' 5° 
west-south-west o f die depression. The radiance temperature field showed a dry area 
located over die southern U.S. with a dry ridge extending northeast then eastward. 
Table 19 showed that Tropical Depression Ten was moving slowly northward 19 
September.
The 12 UTC 19 September surface weather chart, Figure 113, showed Tropical 
Depression Ten in the Gulf of Mexico. A large high pressure system was located 
across the eastern U.S. centered over the northeastern U.S. A cold front was 
advancing south and east from the Midwestern U.S.
The NHC upgraded the depression to Tropical Storm Harvey at 03 UTC 20 
September, the storm contained 40 knot winds. Table 19 showed that Harvey was 
initially stationary but at 09 UTC began an east-north-east track that continued the 
remainder of die day. GOES 8 water vapor imagery on 20 September showed that the 
very dry area west and north of Harvey persisted and evolved throughout the day. The 
2115 UTC 20 September water vapor image (Figure 114) showed that a dry core was 
located 4.17° west-north-west of Harvey’s center. A dry ridge extended 
northeastward, from the dry core, north of the center of Harvey. It appeared that the 
dry areas were inhibiting Harvey from continuing a northerly track or from moving 
westward and Harvey began a slow east-north-east track while slowly strengthening to 
SO knot wind speeds (Table 19). Beven (2000) reported that Tropical Storm Harvey 
had reached a peak intensity of 50 knot winds and a minimum pressure o f994 mb on
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Figure 113. The surface weather chart depicting Tropical Storm Harvey as a 
depression at 12 UTC September 19,1999 from NCDC.
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TABLE 19
Tropical Stocm Harvey 1999 
A list of the stonn characteristics which are from the NHC advisories.
Date Time
UTC





09-19-99 10 T.D. 30 4 nnw
15 TX>. 30 6 n
21 T.D. 30 3 n
09-20-99 03 T.S. 40 stmy
06 T.S. 40 story
09 T.S. 40 2 ene
12 T.S. 40 2 ene
15 T.S. 45 6 ene
18 T.S. 50 5 ene
21 T.S 50 5 ene
09-21-99 00 T.S. 50 6 ene
03 T.S. 50 9 e
06 T.S. 50 9 se
09 T.S. 45 9 se
12 T.S. 45 9 ese
15 T.S. 45 10 ese
18 T.S. 45 10 ese
21 T.S. 45 14 ene
09-22-99 03 T.S. 35 27 ene
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Figure 114. The GOES-8 water vapor image (channel 3) of Tropical Storm Harvey at 2115 UTC September 20,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
21 September. Table 19 showed that Harvey tracked from east-north-east to east, then 
southeast and east-south-east before accelerating toward the east-north-east at the end 
of the day on 21 September.
Water vapor imagery for 21 September showed that die dry areas located west and 
north of Harvey were moving eastward across die northern Gulf and north Florida.
The dry cores were strengthening throughout the day. The 2115 UTC 21 September 
water vapor image (Figure 115) depicted Tropical Storm Harvey centered near Miami, 
Florida. The dry areas north and west o f Harvey had advanced eastward ahead of an 
advancing cold front located across the southern U.S. The 12 UTC 21 September 
surface weather chart (Figure 116) had showed die surface cold front advancing south 
and east across the U.S. as Harvey was approaching the Everglades in southern 
Florida. A vapor front associated with the surface cold front was visible in the water 
vapor image (Figure 115) across the southern and eastern coastal areas of the U.S.
The dry areas depicted in die water vapor imagery to the west and north of Harvey 
had inhibited the storm's northerly movement The dry areas in the water vapor 
imagery were shown to have strengthened and moved eastward ahead of the 
southward advancing vapor front (surface cokl from). Monitoring the GOES 8 water 
vapor imagery every 30 minutes showed die movement of the dry areas in relation to 
Tropical Storm Harvey and appeared to have indicated that Harvey would move into 
southern Florida. Forecasters had expected that Harvey would move across central 
Florida on 21 September and not into southern Florida. Tropical Storm Harvey
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Figure 115. The GOES-8 water vapor image (channel 3) of Tropical Storm Harvey at 2115 UTC September 21, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Y‘* 032193122
Figure 116. The surface weather chart depicting Tropical Storm Harvey at 
12 UTC September 21,1999 from NCDC.
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merged with an extra-tropical storm that was developing off the southeastern U.S. 
coast on 22 September (Beven, 2000). Harvey caused $15 milfinn in estimated 
damages in die U.S. but there were no casualties associated with die storm (Beven, 
2000).
5.2.8 HURRICANE IRENE
Tropical Depression 13 developed on 13 October near Swan bland in the 
Caribbean Sea. The NHC reported that the depression had intensified and named it 
Tropical Storm bene at 15 UTC 13 October 1999. Surface synoptic features north of 
Tropical Storm Irene were depicted in the 12 UTC 13 October surface weather chart 
(Figure 117). Figure 117 shows that a weak low pressure system was located along a 
stationary front just off die Georgia coast and a cold front was moving southeast and 
east across the Midwestern U.S.
The 2115 UTC 13 October water vapor image (Figure 118) showed Tropical Storm 
Irene centered south of Cuba. The radiance temperature field depicted in Figure 118 
showed that a vapor front stretched from northern Mexico toward the east-north-east 
across the southern U.S., then northeasterly along the U.S. east coast The surface 
weather chart (Figure 117) had only showed a trough line located near the Texas Gulf 
coast and the stationary front located off Georgia in the Atlantic Ocean, along the 
areas of the vapor front in the water vapor image Figure 118. The water vapor image 
depicted in Figure 118 had showed that dry areas were located north of the vapor 
front Figure 118 also showed that a very dry core was located in southern Louisiana
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Figure 117. The surface weather chart at 12 UTC October 13, 1999 from NCDC.
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Figure 118. The GOES-8 water vapor image (channel 3) of Hurricane Irene at 2115 UTC October 13, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
at approximately 12.1° northwest o f the depression and a second dry core was located 
approximately 20° northeast o f the storm's center. The water vapor image at 211S 
UTC 13 October (Figure 118) showed that other dry areas were located over northern 
Mexico and that a moist tongue stretched northward from Irene. Tropical Storm Irene 
had moved northward near 8 knots on 13 October (Table 20).
The north track continued most o f the day on 14 October at a slower forward speed 
with the exception of tire storm temporarily becoming stationary at 15 UTC. The cold 
front moved south and east throughout the day. Table 20 showed that Irene had 
intensified to a Category 1 hurricane at 09 UTC 14 October. Irene had moved north 
untfl IS UTC, when the storm became stationary, then Table 21 listed an erratic 
northeast and north-north-east movement occurring at the time Irene was moving 
across Cuba.
The water vapor imagery on 14 October showed that a vapor front continued to 
be stretched from northern Mexico east-north-eastward into the Atlantic Ocean. The 
2115 UTC 14 October image, Figure 119, compared with Figure 118, showed that the 
temperature gradient had increased along the vapor front over the previous 24 hour 
period. The storm track overlaid on the water vapor image (Figure 119) showed that 
Irene had moved or relocated its center eastward as the storm moved across Cuba on 
14 October. A dry core was located approximately 12.1° northwest of Irene in Figure 
119. The dry area northwest of Irene had maintained its strength (warm radiance
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TABLE 20 
Hurricane Irene 1999 
A list of the stum  characteristics which are from die NHC advisories.
Date Time
UTC





10-13-99 15 T.S. 35 7 nnw
18 T.S. 35 8 n
21 T.S. 45 8 n
10-14-99 00 T.S. 50 8 n
03 T.S. 55 8 n
06 T.S. 55 6 n
09 Cat. 1 65 6 n
12 Cat. 1 65 drift n
15 Cat 1 65 stray
18 Cat 1 65 drift ne
21 Cat 1 65 6 rate
10-15-99 00 Cat 1 65 2 n
03 Cat 1 65 2 n
06 Cat 1 65 8 n
09 Cat 1 65 8 n
12 Cat t 65 7 n
15 C at 1 65 7 m e
18 Cat 1 65 8 m e
21 Cat 1 75 10 m e
10-16-99 00 Cat 1 70 10 me
03 Cat 1 65 11 nne
06 Cat 1 65 11 m e
09 Cat 1 65 9 nne
15 Cat 1 70 7 n
18 Cat 1 70 9 n
21 Cat 1 70 9 n
10-17-99 00 Cat 1 70 9 n
03 Cat 1 65 9 n
06 Cat 1 65 9 n
09 Cat 1 65 8 n
12 Cat 1 65 9 n
15 Cat 1 65 9 n
18 Cat 1 65 9 n
21 Cat 1 65 12 ne
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(Table 20 continued)
Date Time Storm Categoiy Wind Speed Storm Speed Storm Motion 
UTC knots knots
00 Cat 1 65 14 ne
03 Cat 1 65 20 cne
06 Cat 1 75 24 ne
09 Cat 2 90 30 ne
15 Cat 2 90 34 ne
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Figure 119. The GOES-8 water vapor image (channel 3) of Hurricane Irene at 2115 UTC October 14, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
temperatures) and position over die pervious 24 hours. Figure 119 showed that a 
moist tongue, which had developed during the day 14 October, stretched toward the 
north-north-east from Irene into die Atlantic Ocean.
Irene had been expected to move north along the west coast o f Florida on 14 
October; therefore, a hurricane warning was issued from die Keys north to Anckrte 
Key near Tampa. However, a comparison of die 2115 UTC 13 and 14 October water 
vapor images (Figures 118 and 119) showed that die vapor front had became more 
pronounced and moved eastward along the southern and eastern U.S. coast It 
appeared that the changes in the radiance temperature field, the more intense vapor 
front gradient and dry areas north o f Irene and the development o f a moist tongue, had 
indicated that Irene would move at a slower forward speed northward and possibly 
turn toward the northeast. Table 20 showed that Irene's forward speed did slow later 
in the day on 14 October.
The 12 UTC 15 October surface weather chart (Figure 120) showed that the 
surface front was stationary across northern Florida and stretched eastward into the 
Atlantic Ocean. The 15 October water vapor imagery had showed that the vapor 
front, which was associated with the surface stationary front, had continued to 
strengthen (a tighter radiance temperature gradient) across northern Florida and the 
Atlantic Ocean.
Although the hurricane had been expected to move north along the west coast of 
Florida, Table 20 showed that bene moved at a faster forward speed to the north but
278
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Figure 120. The surface weather chart depicting Hurricane Irene at 12 UTC 
October 15, 1999 from NCDC.
279
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
changed course toward the north-north-east at IS UTC 15 October. The hurricane's 
winds increased to 75 knots and Irene began to move shghtty taster at 10 knots at 21 
UTC 15 October. The 2115 UTC 15 October water vapor image (Figure 121) showed 
that a very strong dry core was positioned approximately 8.68° northwest of Irene's 
center. The dry core had moved eastward during die preceding 24 hour period. The 
image showed that the pronounced vapor front stretched along the Northwestern edge 
of Irene and separated the very dry area from Irene's moisture over Florida. Figure 
121 showed that a moist tongue projected northeast from the center o f Irene.
The overlaid track in Figure 121 showed that Irene had begun moving north-north- 
eastward into the moist tongue. The storm had moved across Key West, Florida, then 
turned north-north-east and began moving across extreme south Florida 15 October. It 
appeared that the moist tongue along with the location of the strong dry core and 
vapor front northwest and north o f Irene had indicated that the storm would move 
north-north-east across extreme south Florida and not continue north along the west 
coast of Florida as had been predicted.
Hurricane Irene moved across southern Florida north of Miami and entered the 
Atlantic Ocean 16 October. The hurricane had moved north-north-east as it crossed 
Florida. Irene's winds decreased slightly as the storm crossed Florida and once in the 
Atlantic Ocean, Irene slowed its forward speed and turned north at 15 UTC (Table 
20). Water vapor imagery 16 October showed that the moist tongue emanating from
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Figure 121. The GOES-8 water vapor image (channel 3) of Hurricane Irene at 2113 UTC October 15, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Irene's center stretched north then northeast and eastward. The strong dry core 
maintained itself northwest of Irene and a dry ridge extended outward from the core 
toward the northeast and east, north of Irene.
The 2115 UTC 16 October water vapor image (Figure 122) showed that Hurricane 
bene was centered in die Atlantic Ocean just east o f Cape Canaveral, Florida, bene 
had tracked due north off Florida's east coast from IS UTC 16 October through 18 
UTC 17 October (Tabic 20). It appeared that the combination of the vapor front 
located north and west of bene, the very strong dry core located west o f the storm, and 
the moist tongue stretching north and east into the Atlantic ocean had indicated that 
Irene would change track toward the northeast and move into (he Atlantic ocean.
Table 20 showed that Irene had begun moving toward die northeast at 21 UTC 17 
October. A surface cold front advanced eastward across the U.S. toward Hurricane 
bene on 17 and 18 October. The 12 UTC 18 October surface weather chart (Figure 
123) showed the front located very close to bene, just off die U.S. east coast Water 
vapor imagery on 17 and 18 October showed that strong dry areas were located to the 
west and south of bene and that a very strong vapor front continued along the western 
edge of bene. A new vapor front, associated with the easterly-moving surface cold 
front, moved toward Irene and merged with the existing vapor front located along the 
western edge of the storm.
Table 20 showed that bene strengthened into a Category 2 hurricane with 90 knot 
winds on 18 October as it accelerated in its forward speed off to the northeast The
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Figure 122. The GOES-8 water vapor image (channel 3) o f Hurricane Irene at 2115 UTC October 16,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
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Figure 123. The surface weather chart depicting Hurricane Irene at 12 UTC 
October 18, 1999 from NCDC.
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water vapor imagery had appeared to indicate that Irene would eventually move 
northeast ahead of the eastward advancing vapor front Irene became extra-tropical 
on 19 October off the coast of Newfoundland
Beven (2000) reported that Hurricane bene had produced hurricane force winds 
over portions o f die Florida Keys and tropical storm force winds over southern Florida 
and western Cuba. Five people were electrocuted from downed wires and three 
people drowned when their cars were swept into canals by flood waters (Beven,
2000). Beven (2000) indicated that die U.S. sustained approximately S800 million in 
damages due to Hurricane bene.
5.2.9 HURRICANE JOSE
Tropical Depression 14 developed at 21 UTC 17 October 1999 along a westerly 
moving tropical wave that had emerged off the coast of Africa on 8 October. The 
NHC reported that winds had increased to 35 knots at 09 UTC 18 October and the 
depression was named Tropical Storm Jose. The 12 UTC 18 October surface weather 
chart (Figure 123) showed Hurricane bene west of an eastward moving cold front, 
which was located in the Atlantic Ocean off die east coast of the U.S.
The 2115 UTC 18 October water vapor image (Figure 124) showed Tropical Storm 
Jose located east of the Windward Islands. A dry core was located approximately 
9.51° north-north-west o f Jose's center. A vapor front, that stretched from just west of 
Jose to the north-north-cast then off toward the east, separated Jose from the dry core. 
Figure 124 showed that a large dry area was located north of Jose and that a vapor
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Figure 124. The GOES-8 water vapor image (channel 3) of Hurricane Jose at 2115 UTC October 18, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
front stretched from western Cuba northeastward into a moist area located near 65° 
west and 41° north. The vapor front located off the U.S. coast was associated with the 
surface cold front, die moist area located off die U.S. east coast in Figure 124 was 
Hurricane Irene. Jose had been moving toward the west but changed course toward 
the west-north-west at IS UTC 18 October, the west-north-west track continued 
through 19 October (Table 21).
The surface cokl front located off die U.S. east coast on 19 October continued 
moving east and southeastward in the Atlantic Ocean as Hurricane Irene advanced 
rapidly toward the cast-north-east ahead of the front. Jose intensified into a Category 
I hurricane at IS UTC 19 October containing 65 knot winds (Table 21).
The eastward progress of die surface cold front was shown by the associated vapor 
front in the 2115 UTC 19 October water vapor image (Figure 125). The dry area, 
oriented east-north-eastward from die eastern Gulf of Mexico into the Atlantic Ocean, 
in Figure 125 was behind the surface cold front. The large dry area, which had been 
located north of Jose in Figure 124, was positioned north and northeast of the storm 
19 October and a dry ridge had extended itself northwestward from Jose. A moist 
tongue that had evolved during the day on 19 October, extended toward the northeast 
from Hurricane Jose. Figure 125 showed that a westward extending moist tongue was 
located north of Puerto Rico. Drier areas were also located southeast and west of Jose 
in the water vapor image. The water vapor imagery on 19 October had shown that a 
dry ridge, located northwest of Jose's center, had been strengthening and extending
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TABLE 21 
Hurricane Jose 1999 
A list of the storm characteristics which are from die NHC advisories.
Date Time
UTC





10-17-99 21 T.D. 30 10 w
10-18-99 03 T.D. 30 10 w
09 T.S. 35 9 w
12 T.S. 35 9 w
15 T.S. 40 9 w
18 T.S. 40 9 w
21 T.S. 40 9 w
10-19-99 00 T.S. 40 10 wnw
03 T.S. 45 11 wnw
09 T.S. 45 11 wnw
12 T.S. 55 11 wnw
15 T.S. 55 11 wnw
18 CaL 1 65 11 wnw
21 Cat. 1 65 11 wnw
10-20-99 00 C at 1 65 11 wnw
03 CaL 1 70 11 nw
06 C at 1 70 10 nw
09 CaL 1 80 10 nw
12 CaL 1 80 10 nw
15 CaL 2 85 10 nw
18 CaL 2 85 10 nw
21 CaL 2 85 9 nw
10-21-99 00 CaL 2 85 9 nw
03 CaL 2 85 9 wnw
06 Cat. 1 80 12 wnw
09 CaL 1 65 12 wnw
12 CaL 1 65 12 wnw
15 T.S. 55 8 wnw
18 T.S. 55 8 wnw
21 T.S. 55 8 wnw
10-22-99 03 T.S. 55 8 nw
09 T.S. 55 7 nnw
15 T.S. 55 stray
21 T.S. 55 10 n
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(Table 21 continued)
Date Time Storm Category Wind Speed Storm Speed Storm Motion 
UTC knots knots
10-23-99 03 T.S. 55 10 rate
09 T.S. 50 11 nne
15 T.S. 50 12 nne
21 T.S. 50 13 nne
10-24-99 03 T.S. 50 13 nne
09 T.S. 60 17 nne
15 Cat 1 65 22 nne
21 Cat. 1 65 30 nne
10-25-99 03 T.S. 60 29 nne
09 T.S. 55 34 nne
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Figure 123. The GOES-8 water vapor image (channel 3) of Hurricane Jose at 2115 UTC October 19, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
itself southward throughout the day. It had appeared that the development of the 
moist tongue and evolving dry area west of Jose on 19 October had indicated that a 
more northerly track would occur.
Hurricane Jose turned toward die northwest at 03 UTC 20 October and maintained 
that heading through 00 UTC 21 October (Table 21). Table 21 showed that Jose's 
winds peaked at 85 knots 20 and 21 October. Beven (2000) reported that Hurricane 
Jose crossed over Antigua, Saint Martin, and Saint Barthelemy on 20 - 21 October 
then weakened to tropical storm strength on 21 October.
The GOES 8 water vapor imagery on 20 October showed that a moistening had 
occurred during the day just north o f Puerto Rico and Hispanola. The 2115 UTC 20 
October water vapor image (Figure 126) depicted a secondary convection center 
located along the north coast of the Dominican Republic and a moist tongue located 
north o f Jose. A vapor front was shown in Figure 126 that stretched from the western 
Caribbean sea east-north-eastward into die Atlantic Ocean northeast of Jose then 
extended southeastward along Jose's eastern side. A dry core was located west-south- 
west of Jose's center in die northern Caribbean Sea and it strengthened (wanned) 
throughout the day on 20 October. It appeared that the moistening west of the storm's 
cotter had indicated that a west-north-west track would occur. Table 21 showed that 
Jose turned west-north-west at 03 UTC 21 October and maintained that track the 
remainder of the day.
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Figure 126. The GOES-8 water vapor image (channel 3) of Hurricane Jose at 21 IS UTC October 20, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The 21 October water vapor imagety showed that the dry core located west-south- 
west o f Jose expanded northward and strengthened during the day. Figure 127, the 
2115 UTC 21 October water vapor image, depicted the dry area which was located 
west of Jose. The radiance temperature gradient had tightened along the western side 
of Jose throughout the day on 21 October. The water vapor image showed that a 
moist tongue extended north-north-east and northeastward from Hurricane Jose. It 
appeared that these changes depicted in the water vapor imagery, which had occurred 
on 21 October, had indicated that Jose would turn toward the north due to the dry area 
strengthening west of die storm. It appeared that the moist tongue extending 
northeastward from Jose had also indicated that an eventual turn toward the northeast 
would occur. Table 21 showed that Hurricane Jose had slowed its forward speed on 
21 October and weakened to tropical storm intensity with 55 knot winds.
Tropical Storm Jose turned from a northwest course at 03 UTC 22 October to a 
due north track at 21 UTC and Jose's forward speed increased. A north-north-east 
turn occurred at 03 UTC 23 October, that track continued the remainder of Jose's life 
cycle (Table 21). The water vapor imagery on 22 October showed that the radiance 
temperature field surrounding Tropical Storm Jose had apparently indicated Jose's 
future track. The 2115 UTC 22 October image (Figure 128) showed that a strong dry 
area was located approximately 3.68° west-north-west of Jose. The distance between 
the dry core and Jose’s center narrowed throughout die day on 22 October. It appeared 
that the strong dry core depicted in die GOES 8 water vapor imagety, which had
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Figure 127. The GOES-8 water vapor image (channel 3) o f Hurricane Jose at 2115 UTC October 21, 1999

















Figure 128. The GOES-8 water vapor image (channel 3) of Hurricane Jose at 2113 UTC October 22, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
strengthened and had moved eastward toward Jose, had indicated that die stonn would 
not continue on a westerly track. A moist tongue, shown in Figure 128, had continued 
to extend toward the north and northeast A secondary convection center had 
developed north-north-east o f Jose's center during the day. The combination of the 
dry core west of Jose, with a dry ridge extending north-north-eastward from the dry 
core, and the moist tongue that stretched north-north-eastward toward the secondary 
convection center had indicated that Jose would turn toward the north-north-east 
That track change occurred at 03 UTC 23 October (Table 21). Figure 128,2113 UTC 
22 October, depicted a vapor front that stretched from the southern Gulf o f Mexico 
northeastward into the Atlantic Ocean. The vapor front was associated with an 
easterly-moving surface cold front which was approaching Jose.
The 2115 UTC 23 October water vapor image (Figure 129) showed that the vapor 
front had moved eastward and stretched from the Northwestern Caribbean sea toward 
the northeast into the north Atlantic Ocean north of Tropical Storm Jose. The dry 
core along Jose's western side was positioned approximately 3.68° west-south-west of 
Jose's cotter. The moisture associated with Jose's feeder bands extended south of the 
storm and a moist tongue extended northeastward from Jose. It appeared that these 
features, depicted in the water vapor imagery, had indicated that Jose would track 
toward the north or northeast Table 22 showed that Jose changed course toward the 
north-north-east at 03 UTC 23 October.
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Figure 129, The GOES-8 water vapor image (channel 3) of Hurricane Jose at 2113 UTC October 23, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Tropical Stonn Jose intensified on 24 October and had reached Category 1 
hurricane intensity, containing 65 knot winds at 15 UTC (Table 21). The hurricane 
was accelerating toward the north-north-east headed into the north Atlantic Ocean. 
The water vapor imagery on 24 October showed that the vapor front had continued to 
move eastward across the Atlantic Ocean. The 2115 UTC 24 October water vapor 
image (Figure 130) showed the vapor front located west of Hurricane Jose. Avery 
tight radiance temperature gradient was located along the western edge of Jose, 
separating the hurricane firom a very dry core that was located approximately 3.68° 
west of die storm's center. Hurricane Jose was racing toward the north-north-east 
ahead of die eastward-moving vapor front which had begun to merge with Jose.
Table 21 showed that Jose weakened to tropical storm intensity 25 October and 
that the storm's forward speed had continued to accelerate. GOES 8 water vapor 
imagery continued to show the merging of Jose and die vapor front in the north 
Atlantic Ocean. Jose became extra-tropical south of Newfoundland after 09 UTC 25 
October.
Hurricane Jose had struck Antigua and Saint Martin with hurricane force winds 
and the Leeward and Virgin Islands with tropical storm force winds during its life 
cycle (Bcven, 2000). Bcven (2000) reported that two deaths were attributed to 
Hurricane Jose, one on Antigua and one in Saint Maarten, but that die storm had only 
produced minimal damages.
298

















HI \l r j  t *—. ■
Figure 130. The GOES-8 water vapor image (channel 3) of Hurricane Jose at 2115 UTC October 24,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
5.2.10 TROPICAL STORM KATRINA
The NHC reported that Tropical Depression Fifteen had formed in the western 
Caribbean Sea at 21 UTC 28 October 1999. The depression developed from an area 
of lower surface pressure Much had persisted in the Caribbean Sea since 22 October. 
Tropical Depression Fifteen was poorly organized and contained 30 knot winds. The 
12 UTC 28 October surface weather chart (Figure 131) showed a large double 
centered high pressure system located over die eastern U.S. and an easteriy-moving 
cold front traversing the central U.S. The weather chart did not depict any significant 
surface features in die Gulf of Mexico.
However, die 2115 UTC 29 October water vapor image (Figure 132) showed very 
dry areas located over die Gulf of Mexico and Florida. A dry core was centered in the 
Atlantic near central Florida, approximately 17.5° northeast of the storm’s center at 
2115 UTC. A strong vapor front stretched northeastward from Central America into 
die north Atlantic Ocean, which separated the dry areas over the Gulf from moist 
areas located to its south. The GOES 8 water vapor imagety showed that radiance 
temperatures warmed throughout the day on 29 October, north of the vapor front 
Table 22 showed that the NHC upgraded the depression to Tropical Storm Katrina at 
21 UTC 29 October when winds increased to 35 knots. It could be seen, from Table 
22, that die storm moved slowly westward until 15 UTC when a north track ensued at 
a faster forward speed. The GOES 8 water vapor imagery on 29 October had showed 
that a moistening occurred over the Yucatan Peninsula and Central America. It
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I
Figure 131. The surface weather chart at 12 UTC October 28, 1999 from NCDC.
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Figure 132. The GOES-8 water vapor image (channel 3) of Tropical Storm Katina at 2115 UTC October 29, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 22 
Tropical Storm Katrina 1999 
A list of die storm characteristics which are from die NHC advisories.
Date Time
UTC





10-28-99 21 T.D. 30 5 w
10-29-99 03 T.D. 30 5 w
06 T.D. 30 5 w
09 T.D. 30 5 wnw
12 TT>. 30 story
15 T.D. 30 8 nw
18 TJD. 30 10 nw
21 T.S. 35 10 nw
10-30-99 00 T.S. 35 10 nw
03 T.D. 30 8 nw
09 TJD. 30 9 nw
15 T.D. 25 6 wnw
21 T £>. 25 8 nw
10-31-99 03 TJD. 25 9 nw
09 TJD. 25 15 now
21 TJD. 25 8 nw
11-01-99 03 T.S. 20 8 nw
09 TJD. 20 6 nne
15 TJD. 20 5 ime
21 TJD. 20 4 nne
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appeared that the strong vapor front and dry areas located north and northeast of 
Katrina had inhibited its movement toward the north. The dxy area located in Figure 
132 east of the storm, Much had a north-north-westward extending dry ridge located 
north of Katrina, appeared to have indicated that Katrina would not track eastward. 
The moistening that occurred to the west and northwest o f Katrina combined with the 
dry areas surrounding the storm appeared to have indicated that the storm would track 
slowly west or northwestward.
Tropical Storm Katrina made landfall near Puerto Cabezas, Nicaragua, on 30 
October (Bcven, 2000). Katrina's winds weakened to 30 knots at 03 UTC after 
making landfall in Nicaragua and die system was downgraded to a tropical depression. 
Table 22 showed that Katrina had peaked as a minimal tropical storm containing only 
35 knot winds. The system continued to weaken the remainder of its life cycle over 
the Yucatan Peninsula (Table 22).
Water vapor imagery on 30 October continued to show very dry areas located 
around Tropical Depression Katrina. The 2115 UTC 30 October image (Figure 133) 
showed that dry areas persisted west of the storm which appeared to have inhibited a 
westward track. The storm generally moved toward die northwest 30 October (Table
22). The GOES 8 water vapor imagery had continued to show that a moistening had 
occurred over the Yucatan Peninsula and that areas located south of the storm had 
dried (radiance temperatures wanned) on 30 October. Moist areas were located 
northeast of Katrina in Figure 133.
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Figure 133. The GOES-8 water vapor image (channel 3) of Tropical Storm Katina at 2115 UTC October 30, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The very dry areas surrounding Katrina appeared to have indicated that die storm 
was in a hostile environment which was not conducive to strengthening of the storm. 
The moistening over die Yucatan Peninsula apparently indicated that die system 
would move into that area. However, moist areas east-north-east of the storm 
appeared to have suggested that a track in that direction was also possible.
The 12 UTC 31 October surface weather chart (Figure 134) showed that an easterly 
moving cold front was located over the western Gulf of Mexico and a persistent high 
pressure system was located over die eastern U.S. The 2113 UTC 31 October water 
vapor image (Figure 133) showed that a vapor front, associated with the surface cold 
front, was located over the western Gulf of Mexico. The eastward-moving surface 
front and its associated trough had resulted in a southerly flow ahead of the front 
which produced the moistening that had occurred over the Yucatan Peninsula and 
central Gulf of Mexico throughout the day on 31 October. Figure 133, 2113 UTC 31 
October showed that Tropical Depression Katrina was centered over die Yucatan 
Peninsula, and the storm was moving northward ahead of the approaching vapor front 
(trough) (Table 22).
Tropical Depression Katrina dissipated over the Yucatan Peninsula on 1 November 
1999. The last advisory on Katrina was issued by the NHC at 21 UTC 1 November 
(Table 22). The GOES 8 water vapor imagery depicted die dry areas surrounding the 
depression and clearly showed that the eastward-moving vapor front, surface cold
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Figure 134. The surface weather chart depicting Tropical Storm Katrina at 
12 UTC October 31,1999 from NCDC.
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Figure 135. The GOES-8 water vapor image (channel 3) of Tropical Storm Katina at 2115 UTC October 31,1999 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
front, and trough, had been responsible for the northward track of Tropical Depression 
Katrina. Table 22 showed that the remnants o f Katrina moved northwestward then 
turned toward the north-north-east at 09 UTC 1 November.
The GOES 8 water vapor imagery had shown that Katrina was surrounded by very 
dry areas, especially north of the storm. The imagery had depicted the progress of an 
easterly-moving trough that had resulted in the remnants of Katrina moving northward 
into the Gulf of Mexico on 1 November and then east-north-eastward on 2 November. 
Bevcn (2000) indicated that there had been no reported casualties or damages from 
Tropical Storm Katrina 1999.
5.2.11 HURRICANE LENNY
An area of low pressure, which developed over the southwestern Caribbean 8 
November was named Tropical Depression Sixteen by the NHC at 21 UTC 13 
November 1999. The 2115 UTC 13 November water vapor image (Figure 136) 
depicted dry areas located north and west of the newly-developed depression. Two 
dry cores were located west of the depression's center at 2115 UTC; one was 9.51° 
wcst-north-wcst and the second 9.51° northwest of the depression's center. A vapor 
front stretched from along the western edge of the depression northeastward into the 
central Atlantic Ocean. A dry core, located approximately 13.68° north-north-east of 
the depression, was located north of a vapor front The vapor front stretched across
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Figure 136. The GOES-8 water vapor image (channel 3) of Hurricane Lenny at 21 IS UTC November 13, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
the southern U.S. then merged, cast of Florida, with the vapor front emanating fmm 
Tropical Depression Sixteen. Figure 136 shows that moisture stretched from the 
depression toward the north and east across die Caribbean Sea.
The NHC reported that the depression had intensified into Tropical Storm Lenny at 
18 UTC 14 November. Table 23 shows that die winds, that had been 30 knots since 
the depression had developed, had increased to SS knots. The 12 UTC 14 November 
surface weather chart (Figure 137) showed a high pressure system, centered near die 
Tcxas\ Louisiana border, and a south and eastward advancing cokl front, located 
across the central U.S.
GOES 8 water vapor imagery on 14 November shows that die dry areas located 
north of Lenny had strengthened. The 2115 UTC 14 November water vapor image 
(Figure 138), depicts Tropical Storm Lenny in the central Caribbean Sea. A vapor 
front was located along the Northwestern edge o f the storm. The vapor front stretched 
northeast and eastward across the Atlantic Ocean. The radiance temperature field 
shows that relatively dry areas surrounded Lenity. A moist tongue extended eastward 
from Tropical Storm Lenny. Throughout the day the water vapor imagery had shown 
that dry areas located west of Lenny had moved eastward and that dry areas located 
north of Lenny had moved southward. Table 23 showed that Lenny's initial movement 
in die depression stage had been south but an easterly track had developed at 09 UTC 
14 November.
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TABLE 23 
Hurricane Lenny 1999 
A list of the storm characteristics which are from the NHC advisories.
Date Time
UTC





11-13-99 21 T.D. 30 8 s
11-14-99 03 TX>. 30 8 se
09 TJD. 30 8 e
15 T.D. 30 7 e
18 T.S. 55 5 e
21 T.S. 60 5 e
11-15-99 00 CaLl 70 5 e
03 Cat 1 70 7 e
06 Cat 1 70 8 ese
09 Cat 2 85 8 e
12 Cat 2 85 8 e
15 Cat 2 85 9 ese
18 Cat 2 85 12 ese
21 Cat 1 75 13 e
11-16-99 00 Cat 1 75 13 e
03 Cat 1 70 12 e
06 C at 1 75 12 e
09 Cat 2 85 13 e
12 Cat 2 85 14 e
15 Cat 2 85 14 e
18 Cat 2 85 14 e
21 Cat 3 100 15 e
11-17-99 00 Cat 3 100 15 ene
03 C at 3 100 14 enc
05 Cat 3 100 14 ene
07 Cat 3 105 14 ene
09 Cat 3 110 12 ene
11 Cat 3 n o 12 ene
13 Cat 4 115 12 ene
15 Cat 4 115 10 ne
17 C at 4 120 10 ne
19 Cat 4 130 10 ne
21 Cat 4 130 8 ne
23 Cat 4 130 8 ne
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11-18-99 01 Cat 4 130 8 ene
03 Cat 4 125 8 ene
05 Cat 4 125 stmy
07 Cat 4 125 stmy
09 Cat 4 125 3 e
11 Cat 4 115 stmy
13 Cat 4 115 stmy
15 Cat 4 115 stmy
17 CaL 4 115 stmy
19 Cat 4 115 stmy
21 Cat 3 105 stmy
11-19-99 00 Cat 3 100 stmy
06 Cat 2 95 stmy
09 Cat 2 85 stmy
12 Cat. 1 80 stmy
15 Cat 1 80 3 ene
18 Cat 1 65 3 ene
21 T.S. 60 3 e
11-20-99 00 T.S. 60 3 e
03 T.S. 60 3 ese
06 T.S. 50 3 ese
09 T.S. 50 6 ese
15 T.S. 50 6 ese
21 T.S. 45 5 ese
11-21-99 03 T.S. 40 7 se
09 TJD. 30 8 ene
15 TJD. 30 12 ne
21 TJD. 25 11 ne
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Figure 137. The surface weather chart depicting Hurricane Lenny at 12 UTC 
November 14, 1999 from NCDC.
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Figure 138. The GOES-8 water vapor image (channel 3) of Hurricane Lenny at 2115 UTC November 14, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
The GOES 8 water vapor imagery appeared to have indicated an easterly track 
would occur. The strengthening vapor front and dry areas north of Lenny apparently 
had inhibited a northerly course. Dry areas west of the storm, which had moved 
slowly eastward toward Lenny, and moist areas cast of the storm had suggested that an 
easterly track would occur.
Lenny had intensified to a Category 1 hurricane containing 70 knot winds by 00 
UTC 15 November (Table 23). The surface weather chart shows that the cold front 
located across die central U.S., in Figure 137 at 12 UTC 14 November, had continued 
its movement toward the south and was positioned over the southern U.S. Gulf coast 
Hurricane Lenny intensified to Category 2 status with 85 knot winds during the day 
but winds had weakened to 75 knots, category 1 status, by 21 UTC 15 November 
(Table 23). Table 23 shows that the hurricane had maintained an easterly track 
throughout the day.
The 2115 UTC GOES 8 water vapor image (Figure 139) exemplified the radiance 
temperature field imagery throughout die day on 15 November. Dry areas had 
persisted west and north of Lenny. Figure 139 showed that a moist tongue extended 
eastward from Lenny across the eastern Caribbean. The water vapor imagery had 
shown that dry cores and the hurricane had generally migrated toward die east during 
the day. It had appeared that die eastward migration, along with positions of the dry 
and moist areas depicted by the water vapor imagery, indicated that die upper level
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Figure 139. The GOES-8 water vapor image (channel 3) of Hurricane Lenny at 21 IS UTC November 15, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
westerlies had migrated south, which would have been expected to occur 
in November, resulting in an easterly movement of weather systems across the 
Caribbean Sea.
Hurricane Lenny had increased its forward speed and intensified to a Category 2 
hurricane with 85 knot winds at 09 UTC. Lenny continued to intensify and had 
reached Category 3 status with 100 knot winds by 21 UTC 16 November (Table 23).
A course change from due east toward the east-north-east was reported by the NHC in 
their 21 UTC advisory (Table 23). The 12 UTC 16 November surface weather chart 
(Figure 140) shows that the cold front had continued its movement south and was 
located across die central Gulf of Mexico, central Florida, and then extended eastward 
into the Atlantic Ocean north o f Hurricane Lenny.
The GOES 8 water vapor imagery 16 November confirmed that Lenny continued 
on the eastward track through the Caribbean Sea. A vapor front located north of 
Lenny was positioned much farther south than the surface cold front depicted in the 
12 UTC 16 November surface weather chart (Figure 140). The 211$ UTC 16 
November water vapor image (Figure 141) shows that the vapor front stretched from 
near Panama east-north-eastward to the western edge of Lenny, then veered off toward 
the northeast and finally eastward across the Atlantic Ocean. Dry areas north and 
west of the vapor front had continued a south and eastward movement. The vapor 
front was moving eastward across the Caribbean Sea but moisture had been advected 
north and northeast o f Lenny. Secondary convection centers were located well to the
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Figure 140. The surface weather chart depicting Hurricane Lenny at 12 UTC 
November 16,1999 from NCDC.
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Figure 141. The GOES-8 water vapor image (channel 3) of Hurricane Lenny at 2115 UTC November 16, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
cast o f Lenny in the Atlantic Ocean. It appeared that the weather systems across the 
Caribbean Sea had continued on an easteriy track in response to the upper-level 
westerlies across the area. The vapor front north of Lenny had apparently indicated 
that the stoim would remain in the Caribbean Sea. However, the moist tongue that 
extended north and eastward from Lenny appeared to have suggested that a more 
northerly course would eventually develop, which did occur (Table 23).
Hurricane Lenny had been expected to move into Puerto Rico and the U.S. Virgin 
Islands on 16 November. However the moist tongue and secondary convection center, 
depicted in the water vapor imagery and Figure 141 east-north-east of the storm, 
appeared to have indicated that Lenny would stay south of Puerto Rico. On 17 
November Hurricane Lenny strengthened to a Category 4 hurricane by 13 UTC with 
115 knot winds. Lenny had became an intense hurricane that threatened the 
northeastern Caribbean Islands. However, Hurricane Lenny's eye remained south of 
Puerto Rico as the storm moved east-north-eastward but the island was lashed with 
tropical storm force winds and heavy rains. The hurricane turned toward the northeast 
at 15 UTC 17 November. The NHC-reported winds had increased to 130 knots (150 
m.p.lL) in their 19 UTC 17 November advisory. Hurricane Lenny had became the 
most intense November hurricane ever recorded in the Atlantic Basin. Lcimy 
maintained the intense 130 knot winds and northeast track through the 01 UTC 18 
November advisory. The hurricane had peaked with 135 knot winds and had passed 
southeast of Saint Croix 17 November (Beven 2000).
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The 12 UTC 17 November surface weather chart (Figure 142) shows that die 
southward-moving cold front was located across central Cuba and had pushed into the 
Caribbean Sea. A large easterly moving high pressure system was located over die 
eastern U.S. The GOES 8 water vapor imagery throughout die day 17 November 
showed die progression of intense Category 4 Hurricane Lenny eastward through the 
Caribbean Sea.
A distinct northeast projecting moist tongue had became visible in the GOES 8 
water vapor imagery before 00 UTC 17 November. The 2115 UTC 17 November 
image (Figure 143) shows a secondary convection center located well to the northeast 
of Lenny's center. The dry conditions had persisted west and north of Lenny. A 
strengthening vapor front (indicated by a tightening of the radiance temperature 
gradient) separated the dry areas from Hurricane Lenny. A comparison of the surface 
weather chart from 17 November (Figure 142) and the 2115 UTC 17 November water 
vapor image (Figure 143) showed that the location of the vapor front had continued to 
be well ahead of die position of the surface cold front. Dry areas had been depicted in 
die Atlantic Ocean east of Hurricane Lenny in Figure 143. Water vapor imagery had 
appeared to have indicated that Lenny would continue moving northeast or eastward, 
which had occurred through 23 UTC 17 November (Table 23).
Water vapor imagery on 18 November showed that a drying (wanning o f radiance 
temperatures) had occurred throughout die day west and north of Hurricane Lenny. 
The vapor front had continued to move eastward, which had apparently indicated that
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Figure 142. The surface weather chart at 12 UTC November 17, 1999 from NCDC.
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Figure 143. The GOES-8 water vapor image (channel 3) of Hunicane Lenny at 2115 UTC November 17,1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
the surface cold front was approaching Lenny from the west and northwest. The 
radiance temperature gradient along the western and northern edge of Lenny had 
continued to tighten as the dry areas encroached upon the hurricane. Table 24 shows 
that Lenny's winds had diminished to Category 3 intensity with 105 knot winds by 21 
UTC, but that the storm had been essentially stationary throughout the day. The 
wanning of radiance temperatures along the western and northern edge of Lenny had 
indicated that the environment near Lenny had became more hostile for the hunicane; 
therefore, the water vapor imagery indicated that Lenny would weaken, which had 
occurred on 18 November (Table 23). However, the water vapor imagery on 18 
November exemplified by die 2115 UTC image (Figure 144) had depicted a moist 
tongue and moist areas that extended northeast of Lenny. The moist areas appeared to 
have indicated that Lenny would move northeastward, hi this case, die tightened 
radiance temperature gradient, along die western edge of the hurricane, and the 
location of die most intense convection, east of the storm's center, had suggested that 
wind shear from upper level westerlies had impacted Hurricane Lenity and die 
hurricane weakened. A secondary convection center, located weQ to the northeast of 
Lenity, was a separate east-north-eastward moving nontropical disturbance which was 
located near a vapor front Water vapor imagery shows that Lenny had not moved 
toward the secondary convection center. Hurricane Lcrmy had impacted the 
northeastern Caribbean Islands with intense hurricane force winds, waves, and storm 
surges throughout die day on 18 November.
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Figure 144. The GOES-8 water vapor image (channel 3) of Hurricane Lenny at 2115 UTC November 18, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Table 23 showed that Hunicane Lenny had weakened steadily on 19 November 
and was classified a tropical stonn at 21 UTC containing 60 knot winds. The storm 
drifted throughout die day but developed a slow eastward course by 21 UTC (Table
23). The 30 minute interval GOES 8 water vapor imagery on 19 November had 
showed that a drying had occurred west and northwest o f Lenny and that a vapor front 
had extended from the western edge o f the storm northeastward into the Atlantic 
Ocean. Figure 145 for 2115 UTC 19 November was representative of die water vapor 
imagery throughout the day. Water vapor imagery on 19 November and Figure 145 
showed that die most intense convection had been located east of Lenny's center 
throughout the day, which indicated that shearing had continued from upper-level 
westerlies; therefore, Lenny had continued to weaken. A most tongue had extended 
northeast from Lenny; however, moisture was shown to had been located south and 
east of the vapor front which extended north then eastward from Lenny across the 
Atlantic Ocean. Very dry areas were located west and north of the vapor front The 
vapor front was associated with die cold front that had moved into the Caribbean Sea 
and Atlantic Ocean. The moist tongue in this case had not appeared to have indicated 
the future track of Lenny. The south and east movement of the vapor front and 
strengthening dry areas, appeared to had indicated that Lenny would be pushed 
eastward ahead of their southward and eastward advancement.
Table 23 showed that Lenny moved east-south-east at an increased forward speed 
on 20 November. GOES 8 water vapor imagery showed Out an increased drying
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Figure 14S. The GOES-8 water vapor image (channel 3) of Hunicane Lenny at 21 IS UTC November 19, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
and a tightening of the radiance temperature gradient had occurred west of Lenny 
throughout the day. The 2115 UTC 20 November water vapor image (Figure 146) 
depicted the very dry area that was moving eastward toward Lenny. The vapor front 
had been merging with Lenny as the westerly shear continued to weaken the storm. 
Figure 146 showed that a moist tongue extended northeast o f Lenny. It appeared that 
the water vapor imagery had indicated that Lenny would move eastward and that the 
easterly moving dry areas and vapor front would continue to merge with the storm.
Lenny steadily weakened on 21 November and turned toward the northeast at an 
increased forward speed (Table 23). The NHC downgraded Lenny to a tropical 
depression with 30 knot winds at 09 UTC 21 November (Table 23). The GOES 8 
water vapor imagery had shown that the eastward moving intense dry areas persisted 
west and northwest of Tropical Depression Lenny. The 2115 UTC 21 November 
water vapor image (Figure 147) depicted the very tight radiance temperature gradient 
along the western side of the depression. The water vapor imagery appeared to have 
indicated that Lenny would move eastward, pushed by the vapor front and dry areas, 
toward the more moist areas located east of the storm.
Lenny moved eastward and dissipated on 23 November approximately 600 miles 
east of the Leeward Islands (Beven 2000). Beven (2000) reported that Lenny had 
caused 17 deaths, 3 in Saint Maarten, 2 in Colombia, 5 in Guadalupe, 1 in Martinique, 
and 6 offshore. The intense November hunicane had caused $330 million damages 
in the U.S. Virgin Islands and Puerto Rico but also caused considerable damage in
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Figure 146. The GOES-8 water vapor image (channel 3) of Hunicane Lenny at 2115 UTC November 20,1999

















Figure 147. The GOES-8 water vapor image (channel 3) of Hunicane Lenny at 2115 UTC November 21, 1999
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stoim center.
other Caribbean Islands (Beven, 2000). Hunicane Lenny was the most intense 
November hunicane ever recorded in the Atlantic Basin and followed an 
unpredictable unchmatofogical path (Beven 2000). However, the GOES 8 water 
vapor imagery, received at 30 minute intervals, appeared to have indicated Lenny's 
unprecedented future track eastward across the Caribbean Sea.
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5.3 HURRICANE SEASON - 2000
Data from four tropical storms and seven hurricanes were collected in the Earth 
Scan Laboratory from die 2000 hunicane season. GOES 8 data from die water vapor 
channel were used to produce a contoured smoothed radiance temperature field. The 
results were analyzed to decide the relationships between a storm's track and moist 
and dry areas depicted in the radiance temperature field during the 2000 hunicane 
season.
5.3.1 HURRICANE ALBERTO
The 2000 hunicane season's third tropical depression developed at 09 UTC 4 
August west of the Cape Verde Islands. The NHC named the depression Tropical 
Storm Alberto at 15 UTC 4 August afier winds had increased to 35 knots. Tropical 
Storm Alberto tracked toward the west-north-west, slowly intensified, and was 
upgraded to Hunicane Alberto by the NHC in their 21 UTC 5 August advisory. 
Hunicane Alberto had 65 knot winds at 21 UTC, a Category 1 hunicane. The 
hunicane continued on a westerly track through the Atlantic Ocean and by 09 UTC 7 
August the winds had intensified to 80 knots. However, Hunicane Alberto's winds 
began to diminish an 8 August due to wind shear as die storm tracked toward the 
west-north-west.
The 2115 UTC 8 August water vapor image (Figure 148) showed Hunicane 
Alberto located in the Atlantic Ocean. The image had depicted a dry area located 
west and southwest of Alberto containing a dry core which was located approximately
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Figure 148. 'rhe GOES-8 water vapor image (channel 3) of Hunicane Alberto at 2113 UTC August 8, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
6.66° west-south-west o f the hurricane's center. Another diy area was situated north 
of the storm containing a dry core located approximately 1S° north-north-west of 
Alberto's center. A vapor front and moist areas were located in the north Atlantic east 
of the U.S. coast The vapor front was associated with a trough that was advancing 
east and southeastward into the Atlantic Ocean. Figure 14# showed that a moist area 
was located northwest o f Alberto. It appeared that the GOES 8 water vapor imagery 
had indicated that Alberto, which was on a west-north-west track, would change 
course toward the moist area. Table 24 showed that Alberto had changed course by 
03 UTC 9 August toward the northwest
Alberto weakened and was downgraded to a tropical storm with 60 knot winds at 
03 UTC 9 August but had regained Category 1 hunicane status by 21 UTC when 
winds were reported to have increased to 65 knots (Table 24). Table 25 showed that 
Alberto's forward speed toward the northwest had increased 9 August The 2045 UTC 
9 August water vapor image (Figure 149) showed that dry areas surrounded Alberto 
and that a vapor front was located north of Alberto. Moist areas located north o f the 
vapor front was associated with an easterly advancing trough which was responsible 
for influencing Alberto's more northerly track
Table 24 showed that Alberto had continued on a northwest track on 10 August but 
began moving toward the north-north-west at 03 UTC 11 August and turned toward a 
due north track at 15 UTC. The winds had slowly intensified to 90 knots, a Category 
2 hurricane, by 21 UTC 11 August The 1515 UTC 11 August water vapor image
335
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TABLE 24 
Hunicane Alberto 2000 
A list of the storm characteristics which are from die NHC advisories.
Date Time
UTC





08-08*00 15 Cat. 1 70 11 wnw
21 Cat 1 65 11 wnw
08-09-00 03 T.S. 60 12 nw
09 T.S. 60 12 nw
15 T.S. 60 15 nw
21 Cat 1 65 19 nw
08-10-00 03 Cat 1 65 19 nw
09 Cat 1 65 18 nw
15 C at 1 65 18 nw
21 Cat 1 65 18 nw
08-11-00 03 Cat 1 75 13 now
09 Cat 1 75 16 nnw
15 Cat. 1 75 12 n
21 Cat 2 90 12 n
08-12-00 03 Cat 2 95 16 nne
09 Cat 3 100 13 ne
15 Cat 3 n o 15 ne
21 Cat 3 110 15 ene
08-13-00 03 Cat 3 100 16 ene
09 Cat 2 90 16 ene
15 Cat 1 80 16 ene
21 Cat 1 75 15 e
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Figure 149. The GOES-8 water vapor image (channel 3) o f Hurricane Alberto at 2045 UTC August 9, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
(Figure ISO) showed that the eastward moving vapor front, located in the central 
Atlantic Ocean, had became more pronounced (had a tighter radiance temperature 
gradient). The vapor front was associated with a low pressure trough which was 
located northwest of Alberto. Several dry cores were located around die hunicane at 
approximately 8.33° south, 6.66° northwest, 10.0° northeast, and 13.33° south-south- 
east of Alberto's center. It appeared that the easterly moving vapor front (trough), 
located in the north central Atlantic Ocean north of Alberto, was responsible for the 
north turn.
Hurricane Alberto intensified to a Category 3 hurricane with 100 knot winds at 09 
UTC 12 August and peaked at 110 knot winds at 15 UTC. Table 24 showed that the 
storm gradually turned toward the northeast then changed course toward the east- 
north-east at 21 UTC 12 August. On 13 August Alberto continued toward the east- 
north-east as its winds diminished due to die storm's interaction with die trough and 
colder Atlantic watcrs.(Tabk 24). The GOES 8 water vapor imagery for 12 and 13 
August showed that the vapor front (trough) had moved eastward toward Alberto and 
that the hurricane had moved northeast and east ahead of die advancing vapor front 
(trough).
The NHC reported that Alberto had weakened to tropical storm intensity with 60 
knot winds at 15 UTC 14 August Alberto’s winds had rapidly diminished to 40 knots 
by 21 UTC 15 August However, the trough that had interacted with Alberto and 
turned the storm toward the northeast had passed north of the storm. Therefore,
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Figure 150. The GOES-8 water vapor image (channel 3) o f Hurricane Alberto at 1515 UTC August 11, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Alberto, no longer under the trough's influence, began moving southward toward 
warmer Atlantic waters. Alberto had begun a loop in the Atlantic Ocean and by IS 
UTC 18 August had became a Category 1 hurricane with 65 knot winds moving on a 
northwesterly track. The NHC reported that Hurricane Alberto's winds had increased 
to 95 knots in their 21 UTC 19 August advisory.
Bancroft (2000) reported that a short wave trough and cold front had moved 
toward Alberto on 22 August and that the storm began accelerating toward the north 
ahead of the trough. The NHC issued their last advisory on Alberto at 15 UTC 23 
August. Alberto was a tropical storm containing 45 knot winds at 15 UTC and had 
became extra-tropical at 18 UTC. Hurricane Alberto remained over the Atlantic 
Ocean throughout its life cycle. Beven and Holweg (2000) reported that there were no 
casualties or damage attributed to Hurricane Alberto. Hurricane Alberto, a Cape 
Verde Hurricane, had been die longest lived Atlantic basin tropical cyclone to form in 
August (Beven and Holweg, 2000).
5.3.2 TROPICAL STORM BERYL
The NHC issued their first advisory on Tropical Depression Five at 21 UTC 13 
August 2000. The advisory had reported that the depression contained 30 knot winds 
and was located in the Bay of Campeche. The 12 UTC 13 August surface weather 
chart (Figure 151) showed that a stationary front was positioned along the southern 
U.S. Gulf coast The front was the only surface feature depicted near the newly 
formed depression.
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Figure 151. The surface weather chart depicting Tropical Storm Beryl at 12 
UTC August 13, 2000 from NCDC.
341
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The 2115 UTC 13 August GOES 8 water vapor image (Figure 152) depicted die 
radiance temperature field across the Gulf of Mexico and adjoining areas. A west to 
east oriented vapor front stretched across the northern Gulf of Mexico north of 
Tropical Depression Five. The vapor front in Figure 152 was located south of the 
surface stationary front shown in Figure 151. A dry core was located approximately 
7.1° north of the depression along the Texas Gulf coast. The image showed that dry 
ridges extended east and west of the dry core and were located northeast and 
northwest of Tropical Depression Five, respectively. Another dry area was located 
along the Mexican coast approximately 5° west of die depression's center. Moist 
areas were located over Mexico and die Gulf of Mexico. The GOES 8 water vapor 
imagery appeared to have indicated that the depression would be inhibited from a 
northward track due to the relatively strong vapor front and dry area located over the 
northern Gulf of Mexico. The depression was stationary on 13 August (Table 25).
Tropical Storm Beryl had developed by the time the 15 UTC 14 August NHC 
advisory was issued and die storm contained 45 knot winds (Table 25). Beryl had 
developed similarly to Hurricane Bret 1999 in very warm Gulf of Mexico waters. The 
NHC had issued hurricane warnings at 15 UTC 14 August from Baffin Bay, Texas, 
south to La Pesca, Mexico. Tropical Storm Beryl had been expected to move into 
south Texas similarly to Hurricane Bret the previous year.
The surface weather chart for 14 August had showed that the stationary front had 
remained along die southern U.S. Gulf coast. The water vapor imagery had showed
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Figure 1S2. The GOES-8 water vapor image (channel 3) of Tropical Stoim Beryl at 2115 UTC August 13, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 25 
Tropical Stoim Beryl 2000 
A lilt o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





08-13-00 21 T.D. 30 stmy
08-14-00 03 T.D. 30 stnry
09 T.D. 30 5 nw
15 T.S. 45 5 nw
18 T.S. 45 nw
21 T.S. 45 7 wnw
08-15-00 00 T.S. 45 7 wnw
03 T.S. 45 7 wnw
06 T.S. 45 7 w
09 T.S. 40 7 w
12 T.S. 35 7 wnw
15 T.D. 30 8 wnw
21 TJ3. 25 10 wnw
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that the vapor front and diy area remained north of Tropical Storm BciyL The 2045 
UTC 14 August water vapor image (Figure 1S3) was representative of the radiance 
temperature field of 14 August The GOES 8 radiance temperature field had shown 
that a drying had occurred over die central Gulf of Mexico during die day on 14 
August Figure 153 depicted the relatively dry conditions located east o f Beryl in the 
central Gulf of Mexico. Table 25 and Figure 153 showed that a dry core was 
positioned approximately 5.83° north-north-west of BeryFs center. A strong vapor 
front separated the dry area from Beryl's moisture. The GOES-8 imagery, received at 
30 minute intervals, depicted a secondary convection center which had developed 
over northern Mexico west-north-west o f Tropical Storm Beryl. A moist tongue had 
also developed and extended west-north-west of Beryl into the secondary convection 
center. It appeared that changes which had occurred in the radiance temperature field 
on 13 and 14 August had indicated dial Beryl would move west-north-west into 
Mexico and not into Texas, as had previously been expected, where the strong dry 
core and vapor front were located. Table 25 showed dial tropical Storm Beryl had 
turned from the slow northwest track to a west-north-west course, at a faster forward 
speed, at 21 UTC 14 August
Tropical Storm Beryl made landfall at La Pesca, Mexico, at approximately 06 UTC 
15 August containing 45 knot winds. Table 25 showed that the storm was moving due 
west at the time of landfall but resumed the west-north-west track at 12 UTC. Beryl 
was downgraded to a tropical depression at 15 UTC 15 August (Table 25). The 1515
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Figure 153. The GOES-8 water vapor image (channel 3) of Tropical Storm Beryl at 2045 UTC August 14, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
UTC IS August water vapor image (Figure 154) showed that Beryl was neaiiy 
surrounded by dry areas. The dry core had remained north-north-west of Beryl and 
was located approximately 6.66° from die storm's cotter at 15 UTC. Beryl dissipated 
over die northern Mexican mountains on 15 August Hie storm did not cause any 
major damages or deaths. However, Beryl did chimp heavy rains over south Texas and 
northeastern Mexico.
5.3.3 TROPICAL STORM CHRIS
Tropical Depression Six developed in the Atlantic Ocean approximately 600 
nautical males east of die Lesser Antilles 17 August 2000. The depression had formed 
along an easterly wave that was moving westward across the Atlantic Ocean. The 
NHC had reported that development of die tropical wave had been inhibited by a low 
pressure trough that was located in the central Atlantic Ocean. The NHC named the 
depression Tropical Storm Chris in their 15 UTC 18 August advisory and reported 
that the winds were at 35 knots, a minimal tropical storm.
The 1445 UTC 18 August water vapor image, Figure 155, had depicted Tropical 
Storm Chris surrounded by dry areas. The most intense convection was located 
northeast of die storm's center which indicated that Chris was poorly organized 
and had been impacted by upper level wind shear. However, die storm was expected 
to intensify into a hurricane that would threaten the U.S. Virgin Islands and Puerto 
Rico. Several dry cores were located near the tropical storm. One was located 
approximately 6.66° north-north-west, another 5.0° northwest, and a third 5.41° west-
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Figure 154. The GOES-8 water vapor image (channel 3) o f Tropical Storm Beryl at 1515 UTC August 15, 2000













Figure 155. The GOES-8 water vapor image (channel 3) of Tropical Storm Chris at 1445 UTC August 18, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stoim center.
south-west o f the storm's center. Table 26 showed that Chiis was moving west-north- 
west at 11 knots at 15 UTC 18 August The water vapor imageiy appeared to have 
shown that Tropical Stonn Chris was located in a laige dry area that was hostile for 
the development of die stonn.
The NHC downgraded Chris to a tropical depression at 03 UTC 19 August with 30 
knot winds (Table 26). However, the NHC had expected that Chris would reintensify. 
The GOES 8 water vapor imagery throughout die day had continued to show that dry 
areas surrounded die storm and that convective activity had diminished within die 
depression. Radiance temperatures had wanned within the storm late in the day 18 
August. The NHC had reported that strong upper level winds were impacting die 
storm on 18 August (Beven and Holweg 2000). It appeared that the warming of the 
radiance temperatures within the storm and the diminishing convective activity, 
shown by the GOES 8 water vapor imagery, had indicated that Chris was weakening 
due to upper level wind shear.
The tropical depression dissipated approximately ISO nautical miles east of the 
Leeward Islands on 19 August (Beven and Holweg 2000). Table 26 showed that 
Chris's intensity had peaked at 35 knot wind speeds. The stonn had tracked 
west-north-westward throughout its life cycle (Table 26). Chris had remained over 
the Atlantic Ocean and had not caused any casualties or damages. The GOES 8 water 
vapor imagery had depicted Chris in a dry environment which had proved to have 
been hostile to die storm which was tom apart by upper level wind shear.
350
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TABLE 26 
Tropical Stonn Chris 2000 
A list of the stonn characteristics winch are from the NHC advisories.
Date Tone Stonn Category Wind Speed Stonn Speed Stonn Motion 
UTC knots knots
08-18-00 15 T.S. 35 11 wnw
21 T.S. 35 11 wnw
08-19-00 03 T.D. 30 8 wnw
09 T.D. 30 10 wnw
15 T X). 25 14 wnw
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5.3.4 HURRICANE DEBBY
A tropical depression formed approximately 900 nautical rates east of the 
Windward Islands on 19 August 2000 from a weO organized tropical wave that had 
emerged off the African coast on 16 August (Beven and Holweg 2000). The NHC 
issued their first advisory on Tropical Depression Seven at 21 UTC 19 August and had 
reported that the stonn, which contained 30 knot winds, was on a west-north-west 
track. The NHC named the depression Tropical Storm Dcbby at 15 UTC 20 August 
after winds had increased to 40 knots.
The 2115 UTC 20 August water vapor image (Figure 156) was representative of 
the radiance temperature field across the Caribbean Sea and Atlantic Ocean for that 
day. A dry core was located approximately 10° west-south-west o f Debby*s center 
and a dry ridge extended north then northeastward from die dry core. A moist tongue 
extended westward from Tropical Storm Dcbby. It appeared that the dry areas that 
generally surrounded Dcbby along with the westward projecting moist tongue in 
Figure 156 had indicated that Debby would track westward. Table 27 showed that 
Dcbby tracked west-north-west on 20 August.
The 12 UTC 21 August surface weather chart (Figure 157) showed that a stationary 
front was located over Florida then extended eastward into die Atlantic Ocean. A 
large surface high pressure system was located north of the front The high pressure 
system and stationary front woe actually moving slowly south and eastward. The 
2115 UTC 21 August GOES 8 water vapor image, Figure 158, showed that die
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Figure 156. The GOES-8 water vapor image (channel 3) of Hurricane Debby at 2115 UTC August 20, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stoim center.
TABLE 27 
Hurricane Dcbby 2000 
A Hat o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





08-20-00 09 TJ5. 30 14 wnw
15 T.D. 30 16 wnw
21 T.S. 40 16 wnw
08-21-00 03 T.S. 40 16 wnw
09 T.S. 45 16 wnw
12 T.S. 45 16 wnw
15 T.S. 60 19 w
18 T.S. 60 19 w
21 T.S. 60 19 w
08-22-00 00 T.S. 60 17 wnw
03 T.S. 65 17 wnw
06 Cat 1 65 17 wnw
09 Cat 1 65 18 wnw
12 Cat 1 65 18 wnw
17 Cat 1 65 18 wnw
19 Cat 1 65 18 wnw
21 Cat. 1 65 18 wnw
23 Cat 1 65 18 wnw
08-23-00 01 Cat 1 65 16 wnw
03 Cat 1 65 16 wnw
06 Cat 1 65 16 wnw
09 Cat 1 65 14 wnw
12 Cat 1 65 14 wnw
15 T.S. 60 14 wnw
18 T.S. 50 16 w
21 T.S. 45 16 w
08-24-00 00 T.S. 45 14 w
03 T.S. 40 14 w
06 T.S. 35 14 w
09 T.S. 35 17 w
12 T.S. 35 17 w
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Figure 157. The surface weather chart at 12 UTC August 21, 2000 from NCDC.
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Figure 1S8, The GOES-8 water vapor image (channel 3) of Hurricane Debby at 2115 UTC August 21, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
moisture associated with Tropical Storm Debby had increased in size. A moist tongue 
had continued west o f the storm throughout the day. Dry areas essentially surrounded 
the storm with the exception of the moist areas west of Debby. The radiance 
temperature field had indicated that Debby would continue a westerly course. Table 
28 showed that Tropical Stonn Debby had maintained a westerly course at a rapid 
forward speed and that its winds had intensified to 60 knots 21 August.
Tropical Storm Debby intensified into a Category 1 hurricane with 65 knot winds 
at 06 UTC 22 August and maintained that intensity through 12 UTC 23 August. The 
surface weather charts on 22 and 23 August showed tint the large high pressure 
system, located over die southeastern U.S. in Figure 157, had moved south and east 
and was located north of the Caribbean Sea.
The water vapor imagery on 22 and 23 August continued to show a moist tongue 
and moist area located west of Debby. The 2115 UTC 22 August water vapor image 
(Figure 159) exemplified that persistent radiance temperature field around Debby.
The GOES 8 water vapor radiance showed that a west-north-west and west course 
persisted throughout Hurricane Debby’s life cycle. The GOES 8 satellite imagery 
temperatures indicated that Debby would track westward. Table 27 shows that 
Hurricane Debby had moved through the northern Leeward Islands and passed north 
of Puerto Rico on 22 August Hurricane Debby’s rapid forward movement, which 
persisted (Table 27) had created a wind shear effect and the storm’s center was located 
west of the intense convective activity on 22 August
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Figure 159. The GOES-8 water vapor image (channel 3) of Hurricane Debby at 2115 UTC August 22, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Hurricane Dcbby moved into H apnob  on 23 August and encountered strong 
upper level wind shear. The hurricane had moved into the mountainous terrain of die 
Dominican Republic. The combination o f the wind shear and mountains in the 
Dominican Republic rapidly weakened Hurricane Dcbby on 23 August (Table 27).
The 1215 UTC 24 August water vapor image (Figure 160) depicted Debby as a 
minimal Tropical Stonn (Table 27). Diy areas surrounded the storm and a vapor front 
was located north of Debby.
The GOES 8 water vapor imagery had appeared to have indicated that Debby 
would maintain a westerly course due to the location of dry areas and the moist area 
that had extended west of the stonn during its life cycle. Beven and Holweg (2000) 
reported that Debby had caused property damage but no deaths during its life cycle.
5.3.5 HURRICANE FLORENCE
The tenth tropical depression of the 2000 hurricane season had developed in the 
Atlantic Ocean south-south-east o f Cape Hatteras, North Carolina, tty 15 UTC 11 
September. The depression, which contained 30 knot winds, had formed along a 
frontal boundary from a stationary low pressure system that had slowly acquired 
tropical characteristics. The NHC named the system Tropical Storm Florence and 
listed the winds at 50 knot winds in their 18 UTC 11 September advisory. Tropical 
Storm Florence continued to intensify and winds had reached 60 knots by 21 UTC.
The 1815 UTC 11 September GOES 8 water vapor image (Figure 161) depicted 
Tropical Storm Florence located in die Atlantic Ocean off die U.S. east coast The
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Figure 160. The GOES-8 water vapor image (channel 3) of Hurricane Debby at 1215 UTC August 24, 2000

















Figure 161. The GOES-8 water vapor image (channel 3) of Hurricane Florence at 1813 UTC September 11, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
image showed that a strong dry core, with ridges extending outward toward the west- 
south-west and east-north-east, was located approximately 5° north-north-east of the 
storm's center. A vapor front, which was associated with an old surface front, was 
located north of Florence. Moist areas were shown, just south of the vapor front, in 
Figure 161, that extended east-north-east from Florence. Florence developed along 
the southwestern end of the old surface frontal boundary. Table 28 shows that 
Florence had moved slowly west-south-westward on 11 September but became 
stationary and moved very little on 12 September.
The 12 UTC 12 September surface weather chart, Figure 162, shows Tropical 
Storm Florence located in the Atlantic Ocean off die U.S. eastern coast. A surface 
high pressure area was located north and west of the storm. A south and eastward 
moving cold front was located across die central U.S. Florence had intensified into a 
Category 1 hurricane containing 65 knot winds by 21 UTC 12 September.
The GOES 8 water vapor imagery showed that the dry area that had been north of 
Florence in Figure 161, had extended itself southward and along die storm's western 
side during the day 12 September. Figure 163, the 2115 UTC 12 September water 
vapor image, showed that three dry cores were located around the storm. One dry 
area was located approximately 5.41° north, a second 6.25° west-south-west, and a 
third approximately 10° east-north-east o f the center o f Florence. A vapor front 
surrounded Florence then extended eastward into the Atlantic Ocean and south of the 
storm toward the Caribbean Sea. The water vapor imagery showed that a drying had
362
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TABLE 28 
Hunicane Florence 2000 
A list o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





09-11-00 15 T.D. 30 5 wnw
18 T.S. 50 5 wsw
21 T.S. 60 5 ww
09-12-00 03 T.S. 60 stray
09 T.S. 60 stray
15 T.S. 60 stray
21 Cat 1 65 3 nw
09-13-00 03 Cat 1 65 4 nw
09 Cat 1 65 2 nw
15 Cat 1 65 stray
21 T.S. 60 stray
09-14-00 03 T.S. 60 3 ese
09 T.S. 50 2 se
15 T.S. 45 stray
18 T.S. 45 stray
21 T.S. 40 3 se
09-15-00 00 T.S. 45 stray
03 T.S. 40 stray
06 T.S. 40 stray
09 T.S. 40 4 ese
12 T.S. 40 8 ne
15 T.S. 40 13 ne
18 T.S. 45 12 ene
21 T.S. 45 12 ene
09-16-00 00 T.S. 50 17 ene
03 Cat 1 65 21 ene
06 Cat 1 65 20 ne
09 Cat 1 65 20 ne
12 Cat 1 65 22 ne
15 Cat 1 65 22 ne
21 Cat 1 70 31 ne
09-17-00 00 T.S. 60 27 ne
09 T.S. 55 31 m e
15 T.S. 50 33 ne
21 T.S. so 33 m e
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Figure 162. The surface weather chart depicting Hurricane Florence at 12 
UTC September 12, 2000 from NCDC.
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Figure 163. The GOES-8 water vapor image (channel 3) of Hurricane Florence at 2115 UTC September 12, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
occurred around Florence throughout the day. A moist area was located across the 
eastern and southern U.S. which was associated with the south rod eastward moving 
surface cold front shown in Figure 162. The surface cold front and its associated 
trough were moving toward Florence. Table 28 had shown that Florence was 
essentially stationary but had begun to drift slowly northwestward by 21UTC 12 
September. The strengthening dry areas, which had essentially surrounded the storm 
by 2115 UTC 13 September (Figure 164), indicated the Florence would move very 
little.
Hurricane Florence weakened to tropical storm intensity by the afternoon 13 
September and only had 40 knot winds at 21 UTC 14 September. Table 28 shows 
that Florence was essentially stationary on 13 and 14 September. The 12 UTC 14 
September surface weather chart (Figure 165) draws that the cold front and its 
associated trough had moved east and became statianaiy north of Florence. Another 
eastward moving cokl front and trough was located across the central U.S. (Figure 
165). The GOES 8 water vapor imagery showed that moisture associated with the 
surface cold front, Figure 164 at 2115 UTC 13 September, had moved near Tropical 
Storm Florence by 2115 UTC 14 September (Figure 166 ). Figure 166 showed that 
dry cores were located southwest and northeast o f Tropical Storm Florence's center on 
14 September. A moist tongue that stretched northwest from Florence extended into 
die moist areas associated with the surface front located over the eastern U.S. The 
2115 UTC 14 September water vapor image, Figure 166, showed that the moisture
366













Figure 164. The GOES-8 water vapor image (channel 3) o f Hurricane Florence at 2115 UTC September 13, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
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Figure 165. The surface weather chart depicting Hurricane Florence at 12 
UTC September 14, 2000 from NCDC.
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Figure 166. The GOES-8 water vapor image (channel 3) of Hurricane Florence at 21 IS UTC September 14, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
located near the surface front had moved south and east into Tropical Storm Florence. 
Florence had became incorporated within the moisture located along the frontal 
boundary. The water vapor imagery had depicted the merging of the moisture located 
in advance of the frontal boundary with Florence. Florence slowly weakened on 13 
and 14 September. A large high pressure system was located north o f Florence, which 
had blocked a northward advance by the storm. The frontal boundary, vapor front, 
and its associated trough had moved toward Florence and blocked a westward advance 
of the storm; therefore, Florence moved only erratically on 13 and 14 September. 
However, Figure 166 (21 IS UTC 14 September) shows that a moistening had 
occurred during the day on 14 September, north and west o f Florence. The 
moistening appeared to have suggested that the storm's future track would be toward 
the northeast or east
Table 28 shows that Florence had begun a northeast and east-north-east track by 15 
September. The 15 September surface weather chart showed that the cold 
front located across the central U.S. in Figure 165 had moved off the U.S. east coast 
by 15 September. The GOES 8 water vapor imagery depicted a strong vapor front, 
which was associated with the surface cokl front, moving off die eastern U.S. coast 
toward Florence. The 2115 UTC 15 September water vapor mage (Figure 167) 
showed that the vapor front was positioned over the southern U.S. then extended into 
the Atlantic Ocean north o f Florence. Florence was moving east-north-eastward at 21 
UTC 15 September (Table 28). Figure 167 showed moist areas located northeast of
370
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Figure 167. The GOES-8 water vapor image (channel 3) o f Hurricane Florence at 21 IS UTC September 15, 2000 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Florence. An analysis of the water vapor imagery showed that the vapor front (trough) 
had moved eastward toward Florence. Therefore, Florence had moved east and north­
eastward ahead of the vapor front, trough, and toward moist areas located northeast of 
the storm.
Table 28 showed that Florence had intensified on 15 September and had regained 
category 1 hurricane status by 03 UTC 16 September. Florence continued an east- 
north-cast and northeasterly track at increasing forward speeds on 15 and 16 
September (Table 28). GOES 8 water vapor imagery on 16 September showed that 
dry areas and the vapor front had continued to move eastward toward Florence.
Figure 168, 2045 UTC 16 September water vapor image, depicted the strong vapor 
front along the western edge of Hurricane Florence. Florence moved rapidly ahead of 
the approaching vapor front, trough, and dry areas shown in Figure 168. Moisture had 
continued northeast o f Florence. The combination of the moisture projecting toward 
the northeast and the eastward advancing vapor front and dry areas had appeared to 
have indicated that Florence would track northeastward ahead of the vapor front.
Hurricane Florence weakened over the colder waters of the north Atlantic Ocean 
on 17 September and merged with an extra-tropical storm. Florence had remained 
over the Atlantic Ocean during its life cycle. The storm had skirted Bermuda and had 
produced tropical storm force winds on the island. Three people had drowned along 
the southeastern U.S. coast due to rip currents produced by Florence.
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Figure 168. The GOES-8 water vapor image (channel 3) of Hurricane Florence at 2045 UTC September 16, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
5.3.6 HURRICANE GORDON
The eleventh tropical depression of die 2000 hurricane season developed on 14 
September near the Yucatan Peninsula. The NHC had reported at 15 UTC that 
Tropical Depression Eleven had formed with 30 knot winds and was moving toward 
the northwest at 9 knots. In their advisory die NHC had indicated that the depression 
would move over the Yucatan Peninsula; therefore, it would not intensify until after it 
emerged in die Gulf of Mexico. The 12 UTC 14 September surface weather chart, 
(Figure 165) which had depicted Tropical Storm Florence in the Atlantic Ocean, had 
shown a stationary front over die southeastern U.S. and a southeastward advancing 
cold front over die central U.S. There were no surface weather features located in die 
Gulf of Mexico in Figure 165.
The GOES 8 water vapor image at 2115 UTC 14 September (Figure 169) showed 
the moisture associated with Tropical Depression Eleven over die Yucatan Peninsula. 
A dry core was positioned approximately 5° west-north-west of the depression's 
center. A dry area continued north then eastward across Florida north of the 
depression (Figure 169). Another dry core was located approximately 12.5° northeast 
of Tropical Depression Eleven's center, east of Florida. A moist area covered the 
eastern Gulf of Mexico and the Northwestern Caribbean Sea. The most intense area 
of the depression, signified by the coldest radiance temperatures, was located east o f 
the storm, ft appeared that the GOES 8 water vapor radiance temperature field had
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Figure 169. The GOES-8 water vapor image (channel 3) of Hurricane Gordon at 2115 UTC September 14, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
indicated that the depression would move northwestward due to die moist tongue that 
had extended northwestward from the depression and the location o f the dry areas 
around the storm.
Table 29 showed that Tropical Depression Eleven had moved slowly 
northwestward, with die exception o f the west-north-west movement at 21 UTC 14 
September, on 14 and IS September. The storm was stationary at 21 UTC IS 
September (Table 29). The IS September surface weather chart showed that the 
southward advancing cold front, located across the central U.S. in Figure 16S, was 
positioned across the southern U.S. The 2115 UTC 15 September water vapor image 
(Figure 170) showed a west to east oriented vapor front positioned across the southern 
U.S. The vapor front was associated with the southward moving surface cold front.
Figure 170 showed Tropical Depression Eleven centered north o f the Yucatan 
Peninsula. The GOES 8 water vapor imagery, received at 30 minute intervals, bad 
been showing that changes had been occurring in the radiance temperature field 
across the Guff of Mexico and Northwestern Caribbean Sea. A moistening had 
occurred across the northern Gulf of Mexico and a moist tongue was oriented 
northeastward from Tropical Depression Eleven. The GOES 8 image (Figure 170) 
continued to show that the intense convection, coldest radiance temperatures, 
associated with the depression was located east of the storm. The continued 
separation of the depression’s center from the intense convection had indicated that 
upper level wind shear was still occurring. A dry cote remained positioned
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TABLE 29 
Hurricane Gordon 2000 
A list o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





09-14-00 15 T.D. 25 9 nw
21 T.D. 25 5 wnw
09-15-00 03 T.D. 25 5 nw
09 T.D. 25 5 nw
15 TJX 30 5 nw
21 T.D. 30 stray
09-16-00 03 T.S. 50 9 ne
06 T.S. 50 8 nne
08 T.S. 50 8 rate
12 T.S. 50 8 rate
15 T.S. 55 8 ne
18 T.S. 60 8 ne
21 T.S. 60 9 nne
09-17-00 00 C at 1 65 10 nne
03 Cat 1 65 10 rate
06 Cat 1 65 10 nne
09 Cat 1 65 11 m e
12 Cat 1 65 14 ne
15 Cat 1 65 14 ne
18 Cat 1 65 12 rate
21 T.S. 60 12 nne
09-18-00 09 T.S. 60 12 m e
03 T.S. 60 10 rate
06 T.S. 50 10 m e
09 T.S. 35 10 nne
12 T.D. 30 10 m e
15 T.D. 30 11 rate
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Figure 170. The GOES-8 water vapor image (channel 3) of Hunicane Gordon at 2115 UTC September 15, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
approximately 3.33° west-north-west o f the storm's center, ft appeared that die dry 
area and moist tongue depicted m the GOES 8 radiance temperature field had 
indicated that Tropical Depression Eleven would track northeastward. Table 29 
showed that die depression tracked between north-north-east and northeast at 
approximately 8 knots beginning at 03 UTC 16 September.
The NHC upgraded the depression to Tropical Storm Gordon in their 03 UTC 16 
September advisory after the winds increased to 50 knots. The NHC had issued a 
hurricane watch from the Suwannee River south to Bonita Beach, Florida, at 03 UTC. 
Gordon had been expected to intensify into a major hurricane and threaten the west 
coast of Florida. However, the GOES 8 water vapor imagery had continued to show a 
poorly organized storm that was asymmetrical due to the wind shear.
The GOES 8 water vapor imagery on 16 September had depicted the steady 
northeastward advance o f Tropical Storm Gordon. The imagery showed that the 
intense convection, coldest radiance temperatures, had moved closer to die storm's 
center which had indicated a strengthening of the tropical storm. The 2045 UTC 16 
September water vapor image (Figure 171) had depicted the location of the most 
intense convective activity northeast of Gordon's center.
The 12 UTC 16 September surface weather chart (Figure 172) showed that the 
southward advancing cokl front was positioned across die central Gulf of Mexico and 
Florida. The water vapor image, Figure 171 at 2045 UTC 16 September, had showed 
that a vapor front was oriented west to east across die Gulf o f Mexico and Florida,
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Figure 171. The GOES-8 water vapor image (channel 3) of Hurricane Gordon at 2045 UTC September 16, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
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Figure 172. The surface weather chart depicting Hurricane Gordon at 12 
UTC September 16, 2000 from NCDC.
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which was associated with the surface cokl front. Another vapor front, oriented south 
to north in Figure 171, was located along the western side of Gordon and separated the 
asymmetrically shaped storm from the dry area located to die storm's west. It 
appeared that die water vapor imagery had indicated that the center of Gordon would 
track north-north-eastward toward the most intense convective area of the Tropical 
Storm. A moist tongue stretched northeast of Gordon into the Atlantic Ocean along 
the southern side of the surface cold front. The moisture associated with Tropical 
Storm Gordon and the cold front had begun to merge.
The NHC had extended a hurricane watch to Apalachicola by IS UTC 16 
September. The hurricane watch stretched from Apalachicola to Bonita Beach,
Florida, and a Tropical Storm warning extended from Suwannee River to Bonita 
Beach, Florida. Gordon was upgraded to a nominal category 1 hurricane containing 
65 knot winds at 00 UTC 17 September (Table 29). The 12 UTC 17 September 
surface weather chart (Figure 173) showed Hurricane Gordon located in the eastern 
Gulf o f Mexico. The surface front was shown to have been stationary north of Gordon 
but the front was actually located north of its location 24 hours earlier. The weather 
chart showed that the front was a cokl front along its western end, and that the western 
part of the front had continued moving south and east through the Gulf of Mexico.
Table 29 shows that Hurricane Gordon's intensity had peaked on 17 September and 
that Gordon had diminished to tropical storm strength containing 60 knot winds by 21 
UTC. The storm continued on die north-north-east track toward Florida’s Big Bend
382
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0•J
• I t«*i)
* ,  v:v
, . i ,r \ \ v \ \ v
‘. V I  \ \ . u v v
] Vh \ \V  Y V
kA  \. \  \ \
I! \ m,V: :k ’l \
v  '■ ' • r s a r - v w v *  \
* ^ A ' \  \ :
. * \ r *  
u : : •f'T*
rJT\
\ ^ ; i:*  / \ _  ,*  ,  ’ W -»m
■ X K
"• ’r >■"*  _
V "  y  ■• / ) . . . «  ; • <  u J ! /  ‘- f t
a *  V z F f s I & y ^  *‘,: V  : : • « /
t y -  *r
“ *r' ,






I*. "xT"**' <_T.--s»'*m 55f& r *
k’,'v *' „0““'. ;•“«I **•/&»-
* » T*t ;*» * •* a *•(.*€•••« _v^V" - - *; rjAiSf. ;,y«
. A v :: s *  S&r-.t& J*r
/ i »i».t iis; \
/  , ^ . v . .% " :i f e
’̂ > r ,s“  3,,« *,r,,r . - .
\ n :t:
r .  ' X • r*
r*•-*. '  -i r ^
j
y&
*? *M Si S’" /r&£*)Wb»TCHN.r<«;tr i«pnt9 * • ^
/ Lir
k I^er•i'*
Figure 173. The surface weather chart depicting Hurricane Gordon at 12 
UTC September 17, 2000 from NCDC.
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area on 17 September. The water vapor imagery monitored the progress of Gordon 
toward Florida at 30 minute intervals. The water vapor imagery had showed that the 
vapor front, associated with the surface front, had advanced east and south across die 
Gulf of Mexico. The 1815 UTC 17 September water vapor image (Figure 174) had 
shown a veiy dry area located west of Gordon across die northern Gulf of Mexico.
The dry area was advancing toward the east and south. A strong vapor front stretched 
along the western side of the moisture associated with Gordon. The moisture 
associated with Gordon was located north and east o f the actual storm center. The 
storm's center was located along the storm track pictured in the 1815 UTC water 
vapor image (Figure 174) off the west coast of Florida. The water vapor imagery had 
shown that wind shear had continued to effect Gordon and the storm was pooriy 
organized as it approached the Big Bend area of Florida. The front and its associated 
trough had begun to merge with Hurricane Gordon and dry air was being entrained 
within die hurricane's circulation, which resulted in a weakening of the storm.
Gordon made landfall at approximately 03 UTC 18 September near Cedar Key 
Florida. Table 29 showed that Gordon was a tropical storm at die time of landfall and 
that the storm continued off toward die north-north-east die remainder of its life cycle. 
The GOES 8 water vapor radiance temperature field continued to show the merging of 
Tropical Storm Gordon and die surface front (vapor front in die water vapor imagery). 
The last advisory was issued on Gordon by the NHC at IS UTC 18 September when 
Gordon was a tropical depression with 30 knot winds located near Jacksonville,
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Figure 174. The GOES-8 water vapor image (channel 3) of Hurricane Gordon at 1815 UTC September 17, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Florida. The storm merged into an extra-tropical storm after IS UTC 18 September. 
Gordon had caused 19 deaths in Guatemala due to flooding. A tornado had been 
reported in Boca Raton, Florida, while Gordon was located in the Gulf of Mexico. 
Some damage was caused by Gordon but the storm had produced welcomed rains over 
drought stricken Florida.
5.3.7 TROPICAL STORM HELENE
The NHC had reported that Tropical Depression Twelve had formed approximately 
470 miles east of the Leeward Islands at 21 UTC IS September. The 12 UTC 14 
September surface weather chart (Figure 16S) had showed that Tropical Storm 
Florence was located off die southeastern U.S. coast The surface chart had depicted a 
stationary front extending northeastward into the Atlantic Ocean north of Florence. A 
south and eastward advancing cokl front was located over the central U.S.
Figure 166, die 21 IS UTC 14 September water vapor image, which had also 
depicted Tropical Storm Florence off the southeastern U.S. coast, had showed that the 
moisture associated with the surface front extended north of Florence into the Atlantic 
Ocean. The NHC had reported that a strong upper level trough was located a few 
hundred miles off the U.S. east coast north of Tropical Storm Florence on 14 
September. The upper level trough, coupled with the surface front, had produced 
upper level westerly winds across the Caribbean Sea and Atlantic Ocean which were 
adversely affecting Tropical Storm Florence and Tropical Depression Twelve. The 
wind shear weakened Tropical Depression Twelve and die NHC downgraded die
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storm to a tropical wave aficr their 17 UTC advisory. The tropical wave continued 
moving westward across the Caribbean Sea.
The NHC reported that Tropical Depression Twelve had reformed along the 
tropical wave near the Cayman Islands at 23 UTC 19 September. The 12 UTC 19 
September surface weather chart (Figure 175) had depicted a stationary front, oriented 
north to south, off the southeastern U.S. coast A surface high pressure system was 
located over Georgia and a south and eastward advancing cold front was positioned 
across the central U.S.
The 1515 UTC 20 September water vapor image (figure 176) had depicted the 
moisture associated with Tropical Depression Twelve over the Northwestern 
Caribbean Sea. A dry core was located approximately 4.17° west-south-west of the 
depression's center. A dry ridge extended northward into the Gulf of Mexico along 
die western side of die depression (Figure 176). The water vapor image had showed a 
moist tongue extending north-north-eastward into the Gulf of Mexico from Tropical 
Depression Twelve. A very moist area was located in the western Gulf of Mexico in 
Figure 176 and a moist area extended eastward from die western Gulf into die Atlantic 
Ocean. The eastward extending moisture was associated with the stationary front 
shown in the surface weather chart, Figure 175. That front had dissipated and was not 
depicted in the surface weather charts on 20 September. Table 31 showed that 
Tropical Depression Twelve had moved west-north-westward until 15 UTC 20 
September when a northwest turn had occurred at a slighdy faster forward speed. It
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Figure 175. The surface weather chart at 12 UTC September 19, 2000 from NCDC.
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Figure 176. The GOES-8 water vapor image (channel 3) of Tropical Storm Helene at ISIS UTC September 20, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
appeared that the moist tongue extending northward from the depression along with 
the dry areas that had developed along the western side of the storm on 20 September 
had indicated that a northward track would occur.
The 12 UTC 21 September surface weather chart (Figure 177) had shown a strong 
sooth and eastward moving surface cokl front located across the eastern and southern 
U.S. The NHC reported that winds in the depression had increased to 4S knots and 
upgraded the system to Tropical Storm Helene at 15 UTC 21 September, the storm 
was located in the Gulf of Mexico. A tropical storm warning was issued at 15 UTC 
by the NHC for the Gulf coast from the mouth of the Pearl River on the Louisiana 
Mississippi border eastward to the Aucilla River in the Florida Panhandle. Tropical 
Storm Helene's winds had increased to 55 knots by 18 UTC. Helene was expected to 
intensify into a hunicane; therefore, a hurricane watch was issued by the NHC at 21 
UTC along the Gulf coast from the Florida/Alabama border eastward to the Aucilla 
River in Florida.
However, Tropical Storm Helene began to be impacted by westerly wind shear 
produced by the strong cokl front advancing toward the storm. The water vapor 
imagery on 21 September had depicted Helene strengthening in the warm Gulf waters. 
The storm had became symmetrically shaped, an indication of better organization, and 
reconnaissance aircraft confirmed that Helene's winds had increased (Table 30). 
However, on 1815 UTC 21 September (Figure 178) die water vapor imagery had 
showed the effects o f die wind shear which had began ""paring Tropical Storm
390
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Figure 177. The surface weather chart depicting Tropical Storm Helene at 
12 UTC September 21, 2000 from NCDC.
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TABLE 30 
Tropical Storm Helene 2000 
A list o f the storm characteristics which are from the NHC advisories.
Date Time
UTC





09-19-00 23 T.D. 30 14 wnw
09-20-00 03 T.D. 30 14 wnw
06 T.D. 30 14 wnw
09 T.D. 25 14 wnw
12 TX>. 25 14 wnw
15 T.D. 25 18 nw
21 TT>. 25 16 nw
09-21-00 03 T.D. 25 14 nw
09 T.D. 25 12 imw
15 T.S. 45 11 nnw
18 T.S. 55 11 n
21 T.S. 55 11 n
09-22-00 00 T.S. 55 11 n
03 T.S. 55 13 n
06 T.S. 55 13 n
09 T.S. 45 10 n
12 T.S. 40 10 one
15 T.S. 35 11 nne
18 T.D. 30 12 ne
21 T.D. 25 15 ne
392


















Figure 178. The GOES-8 water vapor image (channel 3) of Tropical Storm Helene at 1815 UTC September 21, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Helene. Figure 178 showed that the convective activity was located east ofHdenc's 
center. The center of Helene was depicted in the water vapor image (Figure 178) 
along the storm track overlaid on the image. The water vapor imagery had clearly 
showed die effects of die westerly wind shear which had essentially severed off die 
western half of the storm. A vapor front was located north o f Helene which was 
associated with the surface cold front The water vapor image (Figure 178) had 
shown moisture extending north and northeast from Helene. It appeared that die 
radiance temperature field had indicated that Hdene would weaken, possibty merge 
with die vapor front (surface front), and track toward the north-north-east into the 
moist area near the storm.
Table 30 showed that Tropical Stonn Helene did turn toward the north at 18 UTC 
21 September. The storm had maintained its peak 35 knot winds throughout the 
afternoon but winds had diminished to 45 knots by 09 UTC 22 September. Tropical 
Storm Helene made landfall at approximately 12 UTC 22 September, with 40 knot 
winds, near Fort Walton Beach, Florida. The GOES 8 water vapor imagery 
had continued to show the effects of die westerly wind shear on Tropical Storm 
Helene. Helene remained disorganized and continued to move into the moist area, 
depicted by the radiance temperature field, extending northeast of the storm. It 
appeared that the water vapor imagery had shown that the wind shear would weaken 
Helene and that the storm would move into the Florida Panhandle toward the moist
394
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
area and ahead of the vapor front (surface coki front). Tropical Storm Helene 
produced heavy rainfall over Florida and the southeastern U.S. The storm had not 
caused any deaths during its life cycle.
5.3.8 HURRICANE ISAAC
The NHC reported that Tropical Depression Thirteen had formed approximately 
225 miles south o f the Cape Verde Islands at 15 UTC 21 September. The NHC 
reported die winds were at 30 knots in their first advisory on Tropical Depression 
Thirteen. Winds had increased to 35 knots by 03 UTC 22 September, therefore, the 
Hurricane Center upgraded the depression to Tropical Storm Isaac. Tropical Storm 
Isaac moved west-north-westward through die Atlantic Ocean and intensified on 22 
and 23 September. In their 21 UTC 23 September advisory die NHC reported that 
Isaac was a Category 2 hurricane containing 85 knot winds. The next day, 24 
September, Isaac had reached Category 3 hurricane intensity and Isaac's winds peaked 
at 105 knots. Hurricane Isaac had intensified into a major hurricane; however, the 
storm was in the mid Atlantic Ocean and was not threatening land areas.
The Hurricane center reported, on the 24 September that a trough was located in 
the central Atlantic Ocean just east of die Leeward Islands. Hurricane Isaac, on its 
west-north-west track, had begun to interact with the trough to its west The NHC 
reported that the trough should prevent Isaac from threatening die Leeward Islands 
and that they expected the storm to eventually turn toward the northwest. The trough 
had produced strong upper level southwesterly wind shear which had reduced the
395
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
convective activity within Isaac; therefore, die storm steadily weakened on 25 and 26 
September. The NHC had reported that Isaac's winds had weakened to 80 knots and 
that die storm was located approximately 1140 miles east o f the Leeward Islands in 
their 15 UTC 26 September advisory.
The GOES 8 satellite had monitored Hurricane Isaac at 30 minute intervals as the 
storm tracked west-north-westward through the Atlantic Ocean. The GOES 8 water 
vapor imagery depicted moist and dry areas across the Atlantic Ocean throughout 
Isaac's life cycle. The 0915 UTC 27 September water vapor image (Figure 179) 
showed Hurricane Isaac in die central Atlantic Ocean. Dry areas were located north 
and south of die hurricane and a northward projecting dry ridge extended along the 
western side of Isaac. A dry core was located approximately 4.5° south of the 
hurricane's center. A trough and a weak vapor front had remained located just east of 
die Leeward Islands. Figure 179 also showed an intense vapor front, associated with a 
surface cold front and trough, located off die east coast of die U.S.
Table 31 showed that Isaac continued on the west-north-west track on 26 
September but turned toward die northwest at 09 UTC 27 September. The trough, 
located off the Leeward Islands, had produced a southwesterly wind shear over Isaac 
which caused die hurricane to weaken and change course toward the northwest. Asa 
result, Isaac began to intensity and strengthened to a Category 2 hurricane at 09 UTC 
27 September (Table 31). The hurricane appeared to be poised to threaten Bermuda 
due to the track change.
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Figure 179. The GOES-8 water vapor image (channel 3) of Hurricane Isaac at 0913 UTC September 27, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
TABLE 31 
Hurricane Isaac 2000 
A list of the stonn characteristics which are from die NHC advisories.
Hate Time
UTC





09-26-00 03 Cat 2 90 8 wnw
09 Cat 2 90 9 wnw
15 Cat 1 80 10 wnw
21 Cat 1 80 11 wnw
09-27-00 03 Cat 1 80 11 wnw
09 Cat 2 85 12 nw
15 Cat 2 90 12 nw
21 Cat 2 95 14 nw
09-28-00 03 Cat 3 100 14 nw
09 Cat 3 105 14 nw
15 Cat 3 105 15 nw
21 Cat 4 120 17 nw
09-29-00 03 Cat 4 115 15 nnw
09 Cat 3 110 17 n
15 Cat 3 105 15 n
21 Cat 2 90 16 n
09-30-00 03 Cat 2 85 21 ne
09 Cat 1 80 17 ne
15 Cat 1 75 21 ne
21 Cat 1 65 22 ne
10-01-00 03 Cat 1 65 27 ne
09 T.S. 60 26 ene
15 T.S. so 25 ene
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Isaac continued on the northwest track and strengthened into a Category 4 
hurricane on 28 September containing 120 knot winds by 21 UTC (Table 31). The 
GOES 8 water vapor imagery on 27 and 28 September had monitored Isaac's 
northwest movement and intensification through tire central Atlantic Ocean. The 
1515 UTC 28 September water vapor image (Figure 180) depicted Isaac's well- 
defined eye and moisture. An intense dry area was positioned northeast of the 
hurricane. Figure 180 showed a well-defined vapor front located off the U.S. east 
coast which was moving eastward toward Hurricane Isaac. Very dry areas were 
located behind the strong vapor front, a surface cold front A moist tongue had begun 
developing toward die north from Isaac. The intense dry area northeast of Isaac 
(Figure 180) had prevented a northeast movement of the hurricane. The intense vapor 
front and trough moving eastward toward Isaac and the developing moist tongue 
northward from Isaac indicated that die hurricane would turn toward the north and 
eventually northeast and not threaten Bermuda.
Table 31 shows that Hurricane Isaac turned toward die north-north-west at 03 UTC 
then tracked due north beginning at 09 UTC 29 September. The hurricane had 
steadily weakened throughout the day (Table 31). The 2115 UTC 29 September water 
vapor image (Figure 181) depicted a weakening of Hurricane Isaac in the north central 
Atlantic Ocean. The image depicted dry areas located southwest and northwest of the 
storm. An intense vapor front, surface cold front, and trough were merging with 
Isaac's moisture along the western side of the hurricane. A strong dry core was
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Figure 180. The GOES-8 water vapor image (channel 3) of Hurricane Isaac at 1313 UTC September 28, 2000

















Figure 181. The GOES-8 water vapor image (channel 3) of Hurricane Isaac at 2115 UTC September 29, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
positioned west of the eastward advancing vapor front, approximately 11.25° 
northwest o f Isaac's coder. Figure 181 showed that a moist tongue was projecting, 
toward the north and northeast from Isaac. The water vapor imagery indicated that 
Isaac would track toward the north and then turn northeastward ahead o f the 
advancing vapor front and continue weakening due to the wind shear, produced by the 
trough and front, and the effects from the colder waters of the north Atlantic Ocean.
Table 31 showed that Hurricane Isaac had continued weakening the remainder of 
its lifecycle and turned toward the northeast at 03 UTC 30 September. GOES 8 water 
vapor imagery had showed Isaac increasing its forward speed toward the northeast and 
then toward the cast-north-east on 1 October (Tabic 31). The hurricane had moved 
rapidly through the north Atlantic Ocean ahead of the advancing vapor front, surface 
cold front, and trough. Isaac lost its tropical characteristics on 1 October and 
eventually reached parts o f Great Britain as an extra-tropical low. Hurricane Isaac 
had remained over the Atlantic Ocean and had not caused any deaths or damages 
during its life cycle.
5.3.9 HURRICANE JOYCE
Tropical Depression Fourteen developed west-south-west of the Cape Verde 
Islands and die first advisory was issued at 21 UTC 25 September 2000 by the 
Hurricane center. The NHC’s advisory reported that the depression, with 30 knot 
winds, was moving westward. Tropical Storm Joyce was named by the NHC in their
402
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03 UTC 26 September advisory, after die depression’s winds increased to 35 knots. 
The Hurricane Center expected Tropical Storm Joyce to strengthen into a hurricane 
and move through die Leeward Islands on a west-north-west track.
Joyce had reached Category 1 hurricane intensity by 15 UTC 27 September 
containing 70 knot winds. The NHC had reported that Joyce was encountering upper- 
level wind shear caused by the outflow o f Hurricane Isaac which was located a few 
hundred miles west of Joyce. Figure 179, the 0915 UTC 27 September water vapor 
image, showed Hurricane Isaac located in the central Atlantic Ocean. Tropical Stonn 
Joyce was positioned off the chart in Figure 179.
Hurricane Joyce strengthened on 27 and 28 September despite die wind shear 
produced by Hurricane Isaac. The 2115 UTC 28 September water vapor image 
(Figure 182) showed Hurricane Joyce positioned along its overlaid track Joyce was 
surrounded by drier areas and Hurricane Isaac was located northwest of Joyce. A 
strong vapor from was positioned off the U.S. east coast. The vapor front was 
associated with a strong surface cold front and trough. The NHC had reported that 
another trough was located just east of the Leeward Islands. The NHC had indicated 
that for most of the summer a trough had been located in the central Atlantic Ocean.
It was the central Atlantic trough which had affected Hurricane Isaac discussed in 
Section 5.3.8 as well as Florence, Gordon, and Helene during various periods of their 
life cycles. Hurricane Joyce appeared to have beat moving toward the drier areas
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Figure 182. The GOES-8 water vapor image (channel 3) o f Hurricane Joyce at 2115 UTC September 28, 2000
depicting the Channel 3 smoothed radiance temperature field, anow indicates the stonn center.
located west of the stonn and south of the trough that was located just east of the 
Leeward Islands. Joyce was apparently moving through an environment that was not 
conducive to further strengthening.
The 2115 UTC 29 September water vapor image (Figure 183) showed that die dry 
area west of Joyce had moistened and a moist tongue had extended west-north-west 
from the hurricane. Figure 183 showed that a strong dry area was located north-north- 
east of Joyce. A dry core was located approximately 15° north-north-cast of Joyce's 
center, just east and north of a strong vapor front Hurricane Isaac was located in the 
north central Atlantic Ocean and was moving northward ahead of the strong vapor 
front, trough, and cokl front that were advancing toward die hurricane.
Table 32 showed that Hurricane Joyce had moved between west-south-west and 
west and had reached its peak intensity on 28 and 29 September. However, the 
hurricane had rapidly weakened to tropical storm intensity, containing 50 knot winds, 
by 21 UTC 29 September (Table 32). Figure 183, the 2115 UTC 29 September water 
vapor image, showed that the most intense convective moisture associated with Joyce 
was located south of Joyce's overlaid storm track. The separation of the storm's center 
from the convective activity had indicated that wind shear was impacting the storm. 
Joyce was tracking westward at 14 knots at 21 UTC 29 September (Table 32). It 
appeared that the radiance temperature field had indicated that wind shear would 
weaken the hurricane, which did occur (Table 32). The moist tongue extending
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Figure 183. The GOES-8 water vapor image (channel 3) of Hurricane Joyce at 2115 UTC September 29, 2000
depicting the Channel 3 smoothed radiance temperature field, anow indicates the stonn center.
TABLE 32 
Hurricane Joyce 2000 
A list of the storm characteristics which are from the NHC advisories.
Date Time
UTC





09-28-00 21 Cat. 1 75 12 wsw
09-29-00 03 Cat 1 75 12 w
09 Cat 1 75 12 wsw
15 T.S. 60 12 w
21 T.S. 50 14 w
09-30-00 03 T.S. 45 13 w
09 T.S. 50 12 w
12 T.S. 50 12 w
15 T.S. 35 16 w
18 T.S. 35 16 w
21 T.S. 35 14 w
10-01-00 00 T.S. 35 14 w
06 T.S. 40 12 wnw
09 T.S. 35 15 wnw
12 T.S. 35 14 wnw
15 T.S. 35 14 wnw
18 T.S. 35 14 wnw
21 TJ). 30 13 wnw
10-02-00 03 T.D. 30 13 wnw
09 T.D. 30 13 wnw
15 TX>. 30 17 w
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toward the west-north-west and the location of dry areas around the storm appeared to 
have indicated that Joyce would continue to track westward. Table 32 confirmed that 
Joyce had continued on a westward track.
Tropical Storm Joyce continued weakening on 30 September (Table 32). The 
NHC had reported that effects o f a rapid westward movement coupled with strong 
wind shear from the trough located in the central Atlantic Ocean, separated the storm's 
center from its convective activity. The exposed storm center was then sheared apart, 
rapidly weakening Joyce to tropical storm intensity.
The 1815 UTC 30 September water vapor image (Figure 184) depicted a 
disorganized Joyce which was located at 56.9° west and 10.4° north at 18 UTC 30 
September. The storm's moisture remained separated from its center due to the 
continued wind shear and Joyce's rapid movement Dry areas continued around Joyce 
which appeared to have indicated that the storm would not strengthen. Table 32 
showed that Joyce had remained a weak tropical storm throughout the day 30 
September.
Joyce briefly intensified and turned toward the west-north-west at 06 UTC 1 
October. However, due to the wind shear and the effects o f the exposed storm center 
Joyce had weakened to a tropical depression by 21 UTC 1 October (Table 32). The 
GOES 8 water vapor imagery continued to show a weak disorganized storm with a
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Figure 184. The GOES-8 water vapor image (channel 3) of Hurricane Joyce at 1815 UTC September 30, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stonn center.
center which was dislocated from its convective moisture on 1 October. Joyce had 
moved through the southern Windward Islands and dumped heavy rains south of the 
storm's center over Trinidad and Tabago on 1 October.
Joyce dissipated over the southeastern Caribbean Sea 2 October. The last advisory 
on Joyce was issued by the NHC at 15 UTC 2 October (Table 32). Joyce had readied 
Category 1 hurricane intensity during its life cycle. However, the storm moved 
through the southern Windward Islands as a weak tropical storm and depression.
Joyce had not caused any deaths or serious damage but only produced heavy rains 
across some o f the islands in the eastern Caribbean Sea during its life cycle.
5.3.10 HURRICANE KEITH
The Fifteenth tropical depression of the 2000 Hurricane season had developed in 
die Northwestern Caribbean Sea by 21 UTC 28 September, hi their first advisory on 
Tropical Depression Fifteen, the NHC had reported winds were at 25 knots but the 
storm was essentially stationary.
The 2115 UTC 28 September water vapor image (Figure 185) depicted the 
moisture associated with the depression over the Northwestern Caribbean Sea. Dry 
areas and a vapor front were located north of the depression. A strong dry core was 
positioned over northern Louisiana, approximately 20.41° north-north-west of die 
depression's center. Moist areas were located over die Bay of Campeche and the 
Yucatan Peninsula.
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Figure 185. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 2115 UTC September 28, 2000
depicting the Channel 3 smoothed radiance temperature field, anow indicates the storm center.
The 12 UTC 29 September surface weather chart (Figure 186) had shown a 
stationary front located across the central Gulf o f Mexico which stretched eastward 
into the Atlantic ocean. A large high pressure system, centered in the northeastern 
U.S., covered die eastern half of die U.S. The vapor front that had stretched from 
west to east across the Gulf of Mexico in Figure 186 was associated with the surface 
stationary front located in die Gulf o f Mexico (Figure 186).
The NHC upgraded die depression to Tropical Storm Keith in their 21 UTC 29 
September advisory as the stonn contained 45 knot winds. Table 34 showed that 
Keith had been stationary but had begun moving slowly toward the north-north-west 
on 29 September. The NHC expected that Keith would intensify and move northward 
into die Gulf of Mexico and threaten the central U.S. Gulf coast.
The 2115 UTC 29 September water vapor image (Figure 187) depicted Tropical 
Storm Keith as a better organized storm from die previous image at 2115 UTC 28 
September, Figure 185. Dry areas were located north and west o f Keith and a large 
dry core, located approximately 13.33° north-north-west of Keith had moved south of 
its position shown in Figure 185. A moist area had remained over the Bay of 
Campeche and a moist tongue was depicted that extended west-north-westward from 
Keith. The radiance temperature field shown in Figure 187, 2115 UTC 29 September, 
had appeared to have indicated that Keith would track toward the west-north-west into 
die moist tongue due to the dry area located due north of the storm's center and a
412
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Figure 186. The surface weather chart at 12 UTC September 29, 2000 from NCDC.
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TABLE 33 
Hurricane Keith 2000 
A list of the storm characteristics winch ate from die NHC advisories.
Date Time
UTC





09-28-00 21 T.D. 25 stay
09-29-00 03 T.D. 25 stay
09 T.D. 30 stmy
15 T.D. 30 3 nnw
21 T.S. 45 3 nnw
09-30-00 00 T.S. 45 drill nw
03 T.S. 45 4 nw
06 T.S 55 drift w
09 T.S. 60 6 wnw
12 T.S. 60 drift wnw
15 Cat. 1 70 drift wnw
18 Cat 1 70 stay
21 CaL 2 85 stmy
10-01-00 00 Cat 2 90 drift w
03 Cat 3 100 2 w
06 Cat 3 105 drift w
09 C at 4 115 stmy
12 Cat 4 115 drift wnw
15 Cat 4 115 2 w
18 Cat 4 115 2 w
21 Cat 3 n o 2 w
10-02-00 00 Cat 2 95 stmy
03 Cat. 3 100 stmy
04 Cat 3 100 stay
06 Cat 3 100 stray
09 Cat 2 85 stmy
12 Cat 1 80 stay
15 Cat 1 70 stay
18 Cat 1 65 stray
21 Cat 1 65 drift w
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10-03-00 00 Cat 1 65 drift nnw
03 T.S. 60 2 nnw
06 T.S. 55 2 nnw
09 T.S. 45 5 nw
12 T.S. 40 5 wnw
15 T D. 30 5 wnw
21 TX>. 25 6 wnw
10-04-00 03 T.D. 25 7 wnw
09 TJD. 30 9 wnw
15 T.D. 30 10 wnw
18 T.S. 40 10 wnw
21 T.S. 45 10 wnw
10-05-00 00 T.S. 55 10 wnw
03 T.S. 60 11 wnw
06 T.S. 60 11 wnw
09 Cat 1 65 12 wnw
12 Cat 1 75 10 nw
15 Cat 1 80 10 nw
18 Cat 1 80 11 nw
21 Cat 1 65 11 nw
10-06-00 00 T.S. 55 11 wnw
03 T.S. 45 11 wnw
06 T.D. 30 10 w
09 T.D. 30 10 w
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Figure 187. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 2115 UTC September 29, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
strong southward advancing vapor front positioned across the Gulf o f Mexico. Table 
34 showed that Keith had moved northwestward then began to track slowly toward the 
west-north-west on 30 on September.
The NHC issued a hurricane watch in their 00 UTC 30 September advisory for the 
Yucatan Peninsula as Keith was expected to move across the Yucatan Peninsula and 
into the Gulf of Mexico. Keith's winds increased to 60 knots and the storm had turned 
toward the west-north-west by 09 UTC (Table 33). As a result, the NHC had issued a 
hurricane warning at 09 UTC for the Yucatan Peninsula from Belize City northward. 
Keith continued to intensify and the winds increased to 70 knots, a Category 1 
hurricane, by IS UTC 30 September.
The 1815 UTC 30 September water vapor image (Figure 188) depicted die 
moisture associated with Hurricane Keith which was centered approximately 105 
mdes east of Belize in the Caribbean Sea. The strong southward moving vapor front 
had remained oriented west to east across the south central Gulf of Mexico. Dry areas 
were located north o f the vapor front. Figure 188 depicted moisture that was located 
east of Florida and extended southwestward toward Keith, which was a developing 
frontal low pressure system advancing northeastward. A moist tongue extended west 
and west-north-westward from Hurricane Keith. The radiance temperature field had 
indicated that Hurricane Keith would be inhibited from moving northward due to die 
strong southward drifting vapor front; a northerly track had been expected by 
forecasters. Keith was still expected to move into the Gulf of Mexico and threaten the
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Figure 188. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 1815 UTC September 30, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
central U.S. Gulf coast The moist tongue that extended toward the west-north-west, 
appeared to have indicated that Keith would track westward. Table 33 showed that 
Hurricane Keith intensified into a Category 2 hurricane containing 85 knot winds by 
21 UTC 30 September. Hurricane Keith drifted slowly westward and intensified 
further on 1 October, Table 33.
Hurricane Keith had intensified to a Category 3 hurricane by 03 UTC and became 
a Category 4 hurricane by 09 UTC 1 October. Keith was a major hurricane and posed 
a threat to Central America as die storm drifted near the coast of Belize. Table 33 
showed that Keith reached its peak intensity 1 October at Category 4 hurricane status 
containing US knot winds. The eye of Hurricane Keith was located near the coast 
along the border of Belize and Mexico at IS UTC 1 October. The Category 4 
hurricane had been battering coastal islands off Belize and causing heavy rainfall 
across Central America on 1 October.
The 1815 UTC 1 October water vapor image (Figure 189) had depicted Hurricane 
Keith centered just east of Belize. The vapor front had strengthened and continued to 
drift southward across the southern Gulf of Mexico. A drying, a warming of the 
radiance temperatures, had occurred across the Gulf of Mexico. Dry cores were 
located north o f Keith on 1 October. Dry areas were located south of Keith and moist 
feeder bands stretched east-south-eastward from Keith in Figure 189. The radiance 
temperature field appeared to have indicated that Keith would not track northward 
due to the strengthening vapor front. However, forecasters had continued to warn
419
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residents along the central U.S. Gulf coast that Keith was expected to turn northward 
and move into the central Gulf o f Mexico. The GOES 8 water vapor imagery 
appeared to have indicated that Keith would move slowly westward into Belize and 
Mexico. Table 33 showed that Keith remained essentially stationary but drifted 
slowly westward on 1 October.
Keith remained essentially stationary along the coast o f Belize and weakened to a 
Category 1 hurricane on 2 October (Table 33). The water vapor imagery for 2 
October had showed that a moistening had been occurring westward from Keith and 
across tiie Bay of Campeche. The 1815 UTC 2 October water vapor image (Figure 
190) showed that the moistening had continued west of Hurricane Keith and that the 
strong vapor front located north of Keith had strengthened ( had a tighter radiance 
temperature gradient). The dry areas across the Gulf of Mexico had dried and 
radiance temperatures had warmed by 2 October. A dry cote located north-north-west 
of Keith had moved southward on 2 October. The strong vapor front and dry core 
positioned north of Keith in the radiance temperature field on 2 October had indicated 
that Keith would not move north into die Gulf of Mexico and threaten the central U.S. 
Gulf coast, as forecasters had expected. A moist area that extended northeast of Keith 
was associated with an old surface frontal boundary, trough, and a disturbance that 
was developing northeast of the hurricane. A dry ridge was located east of Keith in 
the Caribbean Sea (Figure 190). The slow moistening that was occurring west of 
Keith had indicated that die storm's future track would be westward.
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Figure 190. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 1813 UTC October 2, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Hurricane Keith developed a slow north-north-west drift and the NHC reported that 
Keith made landfall in northern Belize as a minimal hurricane eariy 3 October. Keith 
had weakened to a tropical storm by 03 UTC (Table 33). However, Table 33 showed 
that a west-north-west track at an increasing forward speed had begun by 12 UTC 3 
October. Keith had weakened to a tropical depression by 15 UTC 3 October while 
moving through the Yucatan Peninsula (Table 33). However, the storm had been 
expected to emerge into the Gulf o f Mexico, north of die Yucatan Peninsula, 
reintensify into a hurricane, and threaten the central U.S. Gulf coast
The 2115 UTC 3 October water vapor image (Figure 191) showed that die vapor 
front and dry areas north of Tropical Depression Keith had moved north and west 
from their previous 24 hour position in Figure 190. A moist area continued extending 
northeastward from Tropical Depression Keith as an intensifying tropical disturbance 
moved northeast toward south Florida. The moistening west o f Keith and the vapor 
front located north of die depression, in the GOES 8 imagery on 3 October, had 
indicated that the tropical depression would track westward. Keith tracked westward 
on 3 October (Table 33).
Residents along the central U.S. Gulf coast were still being warned on 4 October 
that Tropical Depression Keith was expected to reintensify and affect the southern 
U.S. Gulf coast The 12 UTC 4 October surface weather chart (Figure 192) had 
shown a large high pressure system centered over the southeastern U.S. However, no
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Figure 191. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 2115 UTC October 3, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
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Figure 192. The surface weather chart at 12 UTC October 4, 2000 from NCDC.
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significant weather systems were located in the Gulf o f Mexico. Tropical Depression 
Keith emerged in the Gulf of Mexico and had reintensified to tropical storm strength 
containing 40 knot winds by 18 UTC 4 October (Table 33).
The 1815 UTC 4 October water vapor image, Figure 193, had shown that the vapor 
front and dry areas located north o f Tropical Stonn Keith had continued to move 
toward the north and west The strong vapor front stretched from central Mexico east- 
north-eastward across die Gulf of Mexico north of Keith at 1815 UTC. East central 
Mexico had moistened. The GOES 8 imagery had indicated that Tropical Storm 
Keith would continue a westerly track into Mexico. Table 33 showed dud Keith had 
continued a west-north-west track through the Gulf of Mexico. Tropical Storm Keith 
slowly intensified the remainder o f the day on 4 October but was still expected to 
affect the southern U.S. Coastal residents from Texas through Mississippi were 
warned to continue to monitor the progress of Keith.
Keith had reintensified to a Category 1 hurricane by 09 UTC 5 October. Hurricane 
Keith had turned from a west-north-west to a northwest trade by 12 UTC 5 October. 
Winds continued to increase and had reached 80 knots by die time Hurricane Keith 
made landfall just north of Tampico, Mexico, in die afternoon of 5 October.
The 1815 UTC 5 October water vapor image (Figure 194) depicted the radiance 
temperature field surrounding Hurricane Keith near the tone that the stonn 
made landfall in Mexico. The vapor front and dry areas had remained west and north 
of Keith. The GOES 8 imagery had continued to show that a moistening was
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Figure 193. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 1815 UTC October 4, 2000













Figure 194. The GOES-8 water vapor image (channel 3) of Hurricane Keith at 181S UTC October 5, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
occurring west and northwest o f the hurricane across northern Mexico. It appeared 
that the water vapor imagery had indicated that Hurricane Keith would move into 
northeastern Mexico and not track north and northeast into the U.S. Gulf coast as 
expected.
Hurricane Keith weakened over northeastern Mexico and die NHC issued their last 
advisory on Keith at 09 UTC 6 October. Keith had caused heavy rams and flooding 
across Central America and Mexico. Seventeen deaths and $200 imDhm in damages 
were attributed to Hurricane Keith. Hurricane Keith had beat expected to track 
northward into the Gulf of Mexico and move into die central U.S. Gulf coast 
However, it appeared that dry areas and die strong vapor front located across die Gulf 
o f Mexico, which were depicted in the GOES 8 water vapor imagery received at 30 
minute intervals, had indicated that Keith would track westward and remain over 
Central America and Mexico.
5.3.11 TROPICAL STORM LESLIE
The NHC reported that a tropical disturbance had moved from the southeastern 
Gulf of Mexico across south Florida on 2 and 3 October 2000. The disturbance along 
with a stalled frontal boundary had produced heavy rains across south Florida. The 
heavy rains resulted in flooding that was indirectly attributed to three deaths in 
Florida. The NHC named the disturbance Subtropical Depression One of the 2000 
hurricane season at 21 UTC 4 October. The 12 UTC S October surface weather chart, 
Figure 195, showed die subtropical depression located in die Atlantic Ocean east of
429
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Figure 195. The surface weather chart at 12 UTC October 5, 2000 from NCDC.
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Florida. The surface weather chart had also shown a frontal system (hat was located 
across die central U.S. The NHC reported that the system had begun acquiring 
tropical characteristics; therefore, it upgraded die storm to Tropical Stonn Leslie at 15 
UTC 5 October. The Hurricane center reported that Leslie was located approarimately 
230 miles east o f S t Augustine Florida at IS UTC.
The 2115 UTC S October water vapor image (Figure 196) depicted the moisture 
associated with Tropical Storm Leslie in the Atlantic Ocean off Florida. The radiance 
temperature field had depicted a strong vapor front which meandered from west to 
east across die image, located west and north of Leslie. Thevapor front was 
associated with an old dissipated surface frontal boundary which was not shown in 
surface weather charts. A very dry core was located approximately 3.33° west-south- 
west of Leslie's cento*. The radiance temperature field had appeared to have indicated 
that Leslie would move eastward and remain south of die vapor front The center of 
Leslie was located at 30.3° north and 75.3° west at 21 UTC S October. The water 
vapor image had showed that the convective moisture associated with Leslie was 
located east of the storm's cento-. The separation of the convective moisture from the 
storm's center had indicated that Leslie was poorly organized and was not likely to 
strengthen significantly. Table 34 showed that Tropical Storm Leslie had remained a 
weak storm and had moved eastward as die radiance temperature field had appeared
431
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Figure 196. The GOES-8 water vapor image (Channel 3) of Tropical Storm Leslie at 2115 UTC October 5, 2000 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the stonn center.
TABLE 34 
Tropical Stonn Leslie 2000 
A list of the stonn characteristics which are from the NHC advisories.
Date Time
UTC





10-04-00 21 Sub.T.D. 30 7 nne
10-05-00 03 Sub. TJX 30 8 ene
09 Sub. TJX 30 9 e
15 T.S. 35 13 e
21 T.S. 35 10 e
10-06-00 03 T.S. 35 11 e
06 T.S. 35 11 e
09 T.S 35 13 e
12 T.S. 35 9 e
15 T.S 35 9 e
18 T.S. 35 9 ene
21 T.D 30 9 ene
10-07-00 03 T.D. 30 14 nc
09 TJX 30 19 ne
15 T.D. 30 20 nc
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to have indicated 5 October. The 12 UTC 6 October surface weather chart (Figure 
197) showed Tropical Storm Leslie located off the U.S. east coast An eastward 
advancing cold front stretched across die U.S. north and west of die tropical stonn.
The 1515 UTC 6 October water vapor image (Figure 198) showed a vapor front 
that was located over the eastern U.S. which was associated with die surface cdd 
front shown in Figure 197. The image had shown that weak Tropical Storm Leslie 
was centered in the Atlantic Ocean and that the storm's convective moisture remained 
dislocated from Leslie's center. A very diy core was positioned approximately 2.91° 
west of Leslie’s center. Figure 198 showed that another dry area was located in the 
central Atlantic Ocean and that a moist area stretched northeast and northward from 
Leslie into the north Atlantic Ocean. It appeared that the radiance temperature field, 
depicted in Figure 198, had indicated that Leslie would remain poorly organized and 
suggested that the storm would track toward the north-north-east into the moist area. 
Table 35 showed that Leslie had weakened to a tropical depression containing 30 knot 
winds by 21 UTC 6 October and was moving east and east-north-eastward into the 
north Atlantic Ocean.
Tropical Depression Leslie passed approximately 250 miles west of Bermuda then 
began merging with the vapor front, surface cold front, that had been shown in Figure 
197, the 12 UTC 6 October surface weather chart The NHC issued their last advisory 
on Leslie at 15 UTC 7 October (Table 34). The storm had became extra-tropical 
during the afternoon of 7 October approximately 375 miles north-north-west of
434
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Figure 197. The surface weather chart depicting Tropical Storm Leslie at 
12 UTC October 6, 2000 from NCDC.
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Figure 198. Hie GOES-8 water vapor image (channel 3) of Tropical Storm Leslie at ISIS UTC October 6, 2000
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Bermuda. Leslie had not caused any damages or deaths as a tropical stonn. However, 
as had been previously stated, three deaths and flooding were produced in south 
Florida when die system was a tropical disturbance.
5.4 STUDY PERIOD CHARACTERISTICS
The following two sections contain statistical results computed for the 30 storms 
used in this research. The interactions between Hurricane Mitch and dry centers 
located nearest the storm for each day data was available along with statistical results 
for Mitch have been discussed as an example in Section 5.4.1. Study period statistical 
results have been presented in Section 5.4.2. Water vapor radiance temperature field 
characteristics have been discussed in Section 5.4.3. The Hurricane Water Vapor 
Radiance Temperature Field Forecast Technigue has been defined in Section 5.5.
5.4.1 CHARACTERISTICS: EXAMPLE OF HURRICANE MITCH 1998 
The minimum daily distance between the cotter of Hurricane Mitch and the 
nearest dry core was determined by analyzing the GOES 8 water vapor imagery 
collected during die 1998 hurricane season. The discussion that follows presents the 
interaction between Hurricane Mitch and the nearest daily minimum dry core centers, 
the minimum daily distance measurements, and statistics computed for Mitch 1998.
The surface weather chart for 12 UTC 23 October 1998 (Figure 60) depicted a cold 
front oriented west to east across the southern Gulf o f Mexico. The 2115 UTC 23 
October GOES 8 water vapor image (Figure 59) depicted a vapor front oriented west 
to east across the southern Gulf of Mexico which was associated with die surface cold
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front The NHC had positioned Tropical Stonn Mitch at 13.0° N and 78.1° W in the 
southwestern Caribbean Sea in their 21 UTC 23 October advisoiy. Mitch had SO knot 
winds and was nearly statkmaiy at 21 UTC (Table 12). Mitch was located south of 
the surface cold front and the GOES channel 3 vapor front, refer to Figure 59.
Figure 59 showed dry areas located north of the vapor front which along with the 
vapor front depicted in Figure 60, were advancing south toward the Caribbean Sea. 
Another dry area was shown in Figure 59 located west of Tropical Storm Mitch. Table 
36 listed the nearest dry core at 744 kilometers west of die storm's center, at 2115 
UTC 23 October. It can be seen from Table 12 that Tropical Storm Mitch began 
moving northward and intensified on 24 October. Mitch did not move toward die 
nearest dry core which was located west of the storm's center.
The surface weather chart at 12 UTC 24 October (Figure 199) positioned the 
surface front across the northern Caribbean Sea extending eastward across central 
Cuba. Mitch had intensified into a hurricane and moved slowly northward on 24 
October. The 0915 UTC 24 October water vapor image (Figure 200) depicted a vapor 
front oriented west to east across the southern Gulf of Mexico. The vapor front’s 
tightest temperature gradient was located north o f the surface stationary front A 
moist tongue extended north of Mitch over eastern Cuba and Mitch was moving 
slowly northward toward die moist tongue on 24 October (Table 12). The nearest dry 
area remained to the west o f Mitch. The nearest dry core, shown in the water vapor 
images used in this study on 24 October, was located 694 km west-north-west of
438
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Figure 199. The surface weather chart depicting Hurricane Mitch at 12 UTC
October 24, 1998 from NCDC.
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Figure 200. The GOES-8 water vapor image (channel 3) o f Hurricane Mitch at 0915 UTC October 24, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Mitch's center at 09 UTC (Table 35). The radiance temperatures, in the dry cote west 
of Mitch, was approximately die same as in Figure 59, on 23 October, winch indicated 
that die intensity of the dry core had remained approximately the same. Mitch did not 
track toward the dry core on 24 October.
The surface weather chart at 12 UTC 25 October (Figure 201) showed that the 
stationary front extended from the northern Yucatan Peninsula eastward across 
southern Cuba. The 1515 UTC 25 October GOES 8 water vapor image (Figure 62) 
depicted a vapor front that meandered from east of the Yucatan Peninsula across 
southern Cuba then continued eastward into die Atlantic Ocean. There was a 
very tight temperature gradient located along the vapor front north of Mitch's center. 
The GOES 8 imagery had shown that the area west of Mitch had been moistening, 
denoted by a cooling of radiance temperatures, 25 October. The dry core dial was 
previously located west o f Mitch was located 661 km southwest of die storm's center 
at 2115 UTC 25 October (Table 35), which was die closest distance between the dry 
core and storm center for that day. Mitch had been expected to track northward and 
move into the Gulf of Mexico. An analysis of data in Table 12 showed that Mitch had 
intensified into a very intense hurricane and was tracking toward the west-notth-west. 
Mitch had stopped moving northward toward die surface cold front and vapor front 
Mitch did not move toward the nearest dry core located southwest of the storm's 
center on 25 October. The hurricane moved toward a moist area located west-north­
west of die storm on 25 October.
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TABLE 35
Hurricane Mitch 1998 Distances between Dry Cores and Storm Cotter
The minimum daily distanoc mean between the itonn center and the dry core 
located nearest the stonn center computed for Hurricane Mitch 1998, coordinates 
from the NHC advisories.
Date Minimum Daily Distance Direction from storm center 
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Figure 201. The surface weather chart depicting Hurricane Mitch at 12 UTC
October 25,1998 from NCDC.
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The 12 UTC 26 October surface weather chart (Figure 63) showed that the surface 
stationary front which had been located north of Mitch had dissipated. Mitch had 
intensified into a Category 4 hurricane and was moving slowly westward on 26 
October (Table 12). The surface weather chart no longer showed a surface front 
however, the 0315 UTC 26 October GOES 8 water vapor image, Figure 202, showed 
that a vapor front remained north o f Mitch oriented generally west to east from the 
Yucatan Peninsula into the Atlantic Ocean. A moist area was located west of die 
hurricane in Figure 202,0315 UTC 26 October. The nearest dry core to the storm 
center on 26 October was located 736 km north-north-west at 0315 UTC (Table 35), 
flic dry core was located north of the vapor front. Mitch Ad not move toward the 
nearest dry core or the vapor front Hurricane Mitch moved slowly westward toward a 
moist area located across the Yucatan Peninsula on 26 October. The hurricane had 
still been expected to track northwest or northward into die Gulf of Mexico and 
threaten the U.S. Gulf coast
The water vapor image at 0615 UTC 27 October (Figure 203) showed that the 
vapor front had moved northward and extended from the Yucatan Peninsula northeast 
and east into the Atlantic ocean. A drying, wanning of radiance temperatures, had 
occurred across the Gulf of Mexico north of the vapor front and across Mexico west 
of die vapor front The surface weather chart Ad not show any surface fronts near the 
vapor front, which was depicted by the smoothed radiance temperature contours in the 
water vapor image. Hurricane Mitch was sdll expected to move northward into the
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Figure 202. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 0315 UTC October 26, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Figure 203. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 0615 UTC October 27, 1998 
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Yucatan Peninsula and Gulf of Mexico. An analysis o f data in Table 12 showed that 
the very intense Category 5 Hurricane Mitch had moved slowly westward on 27 
October. Mitch did not move toward the vapor front located to its north which had a 
very intense (warm) dry core located north of die front The nearest dry core for 27 
October was listed in Table 36 at a distance of 1,032 km west of Mitch at 0613 UTC 
Mitch was moving toward the dry core. However, radiance temperatures were not 
very warm in die dry core west of Mitch which indicated that particular dry core was 
weak. A vapor front separated the nearest dry core from Mitch.
An analysis of data in Table 35 showed that die nearest dry core on 28 October was 
located 723 km northwest of die storm center which occurred at ISIS UTC seen in 
Figure 204. The surface weather chart on 28 October did not show any surface fronts 
near Hurricane Mitch. However, a strong vapor front could be seen in Figure 204 that 
stretched from the eastern Yucatan Peninsula northeastward then eastward into the 
Atlantic Ocean. Radiance temperatures in the area northwest and west of the vapor 
front, located west of Mitch, had warmed considerably (dried) after the 061S UTC 27 
October image, Figure 203.
An analysis of data in Table 12 showed that Mitch had weakened and essentially' 
became stationary on 28 October. Mitch had been expected to move northwestward 
into the Yucatan Peninsula. The drier areas west and north of Mitch had moved 
closer to die storm during die previous 24 hour period which appeared to have
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Figure 204. The GOES-8 water vapor image (channel 3) o f Hurricane Mitch at 1515 UTC October 28, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
impeded a continued westward track and prevented a northward track from
developing. The greatest concentration of moisture near Mitch was located south of
die storm's center.
The dry areas, depicted in the GOES 8 water vapor imagery, continued to move 
closer toward Mitch on 29 October. The 0915 UTC 29 October water vapor image 
(Figure 67) depicted the nearest dry core for that day which was 641 km northwest of 
the storm's center (Table 35). The surface weather chart did not show any surface 
fronts near Mitch or near the vapor front depicted by the contoured radiance 
temperature field in Figure 67. An analysis of data in Table 12 showed that Mitch had 
continued weakening and was essentially stationary on 29 October. Mitch had been 
expected to move northwestward into Belize and die Yucatan Peninsula; however, the 
hurricane drifted southward and made landfall in Honduras early on 29 October. 
Hurricane Mitch did not move west or north toward the dry core or vapor front that 
was depicted in the GOES 8 water vapor imagery radiance temperature field on 29 
October. Instead the storm drifted southward and made landfall in response to the 
strong vapor front and dry core which were shown in the GOES 8 radiance 
temperature field to have beat drifting southward toward Mitch.
Data listed in Table 12 showed that Mitch weakened into a tropical storm on 30 
October. Mitch's center drifted through Central America throughout the day. The 
surface weather chart did not show any fronts over the Gulf o f Mexico or near 
Tropical Storm Mitch 30 October. However, the GOES 8 water vapor imagery
449
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contoured radiance temperature field continued to depict a vapor front north o f the 
storm. The 0315 UTC 30 October water vapor image (Figure 20S) depicted the dry 
core located neatest Mitch’s center for 30 October at 880 km to the north-north-west 
A strong vapor front was depicted m Figure 205, at 0315 UTC 30 October that 
stretched from Central America, west of Mitch, northeast, then east across die 
Atlantic Ocean. The Gulf o f Mexico had dried, signified by warmer radiance 
temperatures, and a moistening, signified by cooler radiance temperatures, had 
occurred over eastern Mexico and Central America. Mitch did not move north toward 
the area where die GOES 8 radiance temperature field had shown a drying was 
occurring.
The GOES 8 imagery showed that eastern Mexico and the southern Gulf of Mexico 
continued moistening on 31 October. An analysis of data in Table 35 listed the 
nearest dry core for 31 October at 1,004 km north-north-west of Mitch's center. The 
dry core was depicted in the 1215 UTC water vapor image (Figure 206) and was 
located farther from the storm than it had been 30 October (Figure 20S). The 1215 
UTC 31 October water vapor image (Figure 206) depicted the dry core located north 
of the strong vapor front that separated the dry areas from Mitch's moisture. The 
surface weather chart for 31 October did not show any fronts over the Gulf o f Mexico 
or near the vapor front depicted in the GOES 8 water vapor imagery north and west of
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Figure 205. The GOES-8 water vapor image (channel 3) o f Hurricane Mitch at 0315 UTC October 30,1998

















Figure 206. The GOES-8 water vapor image (channel 3) of Hurricane Mitch at 1215 UTC October 31, 1998
depicting the Channel 3 smoothed radiance temperature field, arrow indicates the storm center.
Mitch. Mitch drifted westward toward the areas that the GOES 8 imagery had shown
as moistening. The storm did not move northward toward the vapor front and strong
dry core.
A surface cold front moved into the northern Gulf of Mcdco on 2 November. 
Mitch moved north into the Gulf of Mexico and intensified into a tropical storm. 
Mitch moved ahead o f the advancing cold front and made landfall near Naples, 
Florida, on 5 November, then merged with the cold front and became extra-tropical 
east of Florida.
The nearest daily distances between the dry core located nearest Mitch's center for 
each day from 23 through 31 October are listed in Table 35. The distances ranged 
from 641 to 1,032 km. Mitch did not move toward any o f the dry cores with the 
exception of 27 October when the distance was die greatest at 1,032 km. The mean 
nearest daily distance between a dry core and Mitch's center was 790.6 km and the 
standard deviation was 145.8 km (Table 35).
Threat Score and Bias Score results computed for Hurricane Mitch are fisted in 
Table 36. The Threat Score and Bias Score values were determined to test the 
hypothesis that a storm will not move toward the nearest dry core. The test was 
performed using the criteria that a prediction had been made that Mitch would not 
move toward the dry core. The scores were determined assuming a prediction was 
made at the time of the images which were used to measure the nwnmmm daily 
distances between Hurricane Mitch's center and the nearest dry core. The test results
453
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE 36
Hurricane Mitch 1998 Threat Score and Bias Score
The Threat Score and Bias were computed starting from the times of the images 
of the minimum daily distance means used in the research, distances between the 
storm center and the dry core located nearest the storm center, coordinates were 
taken from the NHC advisories. The test were computed based on the consideration 
that a prediction was made, at the time of the image, that the storm would not move 
toward a dry core.
Note: all distances for Hurricane Mitch 1998 were 5 1500 km and greater 
than 500 km.
 Predicted after Time of Image_________________________
rim e s 1500 km and s 1500km s 1000 km s 1000 km s 500 km 
Period Threat Bias Threat Bias aO distances
Score Score greater than
500 km
00 0.889 1.13 0.857 1.17
03 1.000 1.00 1.000 1.00
06 0.889 1.13 0.857 1.17
12 1.000 1.00 1.000 1.00
18 1.000 1.00 1.000 1.00
24 0.889 1.13 0.857 1.17
30 0.778 1.29 0.714 1.40
36 0.889 1.13 0.857 1.17
42 0.778 1.29 0.714 1.40
48 0.889 1.13 0.857 1.17
54 0.889 1.13 0.857 1.17
60 0.889 1.13 0.857 1.17
66 0.889 1.13 0.857 1.17
72 0.889 1.13 0.857 1.17
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woe determined at the time o f the image, luted as 00 time in Table 36,3 hours after 
die time o f the image, then 6 hours and at 6 hour intervals out to 72 hours after the 
time of die image. Values were computed for a diy core located within 2,000 km, 
1,500 km, 1,000 km, and 500 km of the storm center, hi die case of Hurricane Mitch, 
no dry cores were located less than 500 km distance from the storm center and all dry 
cores were located within 1,500 km of the storm center.
The Threat Score and Bias Score results support the hypothesis that a storm wQl 
not move toward a dry core. The poorest performance was at 30 and 42 hours for dry 
cores located within 1,000 km (Table 36). The best performances were at 03,12, and 
18 hours after die images with a perfect 1.0 Threat Score and Bias (Table 36).
5.4.2 STUDY PERIOD STATISTICAL RESULTS
Data were collected for eight storms during the 1998 hurricane season which 
consisted of three tropical storms and five hurricanes (Table 2). The 1999 and 2000 
hurricane season data consisted of 11 storms each season, three tropical storms and 
eight hurricanes in 1999 (Table 3), and four tropical storms and seven hurricanes in 
2000 (Table 4). The years of 1997 -1998 was an El Nifio period; however, a La Nina 
began during the summer quarter (July, August, and September) 1998 which 
continued through die year 2000. Therefore, a La Nina event was occurring each 
hurricane season during the entire study period and ENSO effects would not be 
expected to influence the results of the current research. The means and standard 
deviations for die 30 storms used in this research were listed in Tables 37 through 39.
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TABLE 37
1998 Statistics: Distances between Dry Cores and Storm Center
The minimum daily distance mean between the storm center and the dry core 
located nearest the storm center computed for 8 storms included in the current 
research that occurred during hurricane season 1998, coordinates from the 
NHC advisories. The peak intensity each storm attained is listed under categories.
Storm Category Mean (km) Standard deviation
Bonnie Hurricane 497.3 182.8
Charley Tropical Storm 405.2 103.3
Earl Hurricane 371.8 306.3
Frances Tropical Storm 352.6 289.4
Georges Hurricane 485.2 208.1
Herminc Tropical Storm 538.8 388.4
Karl Hurricane 546.1 74.3
Mitch Hurricane 790.6 145.8
TABLE 38
1999 Statistics: Distances between Dry Cores and Storm Center
The minimum daily distance mean between the storm center and the dry core 
located nearest the storm center computed for 11 storms included in the current 
research that occurred during hurricane season 1999, coordinates from the 
NHC advisories. The peak intensity each storm attained is listed under categories.
Storm Category Mean (km) Standard deviation
Bret Hurricane 882.1 42X4
Cindy Hurricane 470.9 66.8
Dennis Hurricane 457.1 270.9
Emily Tropical Storm 665.7 263.6
Floyd Hurricane 841.5 91.6
Gert Hurricane 649.0 198.0
Harvey Tropical Storm 452.3 81.5
Irene Hurricane 638.6 203.9
Jose Hurricane 51X6 280.4
Katrina Tropical Storm 1355.2 447.1
Lenny Hurricane 91X0 249.0
4S6
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TABLE 39
2000 Statistics: Distances between Dry Cores and Storm Center
The minimum daily distance mean between the storm center and the dry core 
located nearest the stonn center computed for 11 storms included in the current 
research that occurred during hurricane season 2000, coordinates from the 
NHC advisories. The peak intensity each storm attained is listed under categories.
Storm Category Mean (km) Standard deviation
Alberto Hurricane 556.8 101.7
Beryl Tropical Storm 702.5 18.3
Chris Tropical Storm 451.5 78.8
Debby Hunicane 658.0 254.1
Florence Hurricane 444.8 73.5
Gordon Hurricane 436.0 63.1
Helene | 1 547.6 134.3
Hurricane 715.4 197.7
Joyce Hurricane 1074.4 507.4
Keith Hurricane 798.1 292.7
Leslie Tropical Storm 240.6 5.8
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Stonn intensities included in (he data set, at the tunes measurements were taken in die 
current research, varied from tropical depression through Category S hurricane status.
Seasonal and storm intensity means and standard deviations for die minimum daily 
distances between the storm center and the nearest dry core are listed in Tables 40 and 
41, respectively. Seasonally, the smallest mean occurred in 1998 and die largest mean 
in 1999. The lower seasonal mean difference in 1998 may result in part due to 
obtaining less storm data, only eight storms, for that year. The entire study period 
mean was 619.7 km (Table 40 seasonal table). The smallest intensity mean was for 
Category 1 - 2 hurricanes while the largest was for Category 3 - 5 hurricanes (Table 41 
intensity table). The data set used for the 1999 hurricane season contained five 
hurricanes of Category 3 - 5 intensity while the 1998 and 2000 seasons had only three.
Results for die storm intensities show that the means decreased from tropical 
depression to Category 1 -2  hurricanes but was largest for Category 3 - 5 hurricanes 
(Table 41). Dynamically as a storm develops from a tropical depression through a 
hurricane, the moisture and wind circulation become concentrated near the storm 
center, which may account for the decreasing mean observed from the Tropical 
Depression stage through the Category 1 -2  hurricane in this study (Table 41). The 
water vapor imagery used in their study has shown that as a hurricane strengthens into 
an intense storm (Category 3 -5 ), typically the moisture field areal coverage expands 
outward from the center of the storm. Strong hurricanes (Category 3 - 5) are better 
organized and developed systems than weaker storms ( Tropical Depression through
458
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TABLE 40
Seasonal Statistics 1998 through 2000 and Study Period
The minimum daily distance mean between the storm center, coordinates taken 
from the NHC advisories, and the dry core located nearest the storm center 
computed for hurricane seasons 1998 through 2000 and study period (all 30 storms).




All Storms 619.7 289.4
TABLE 41 
Storm Intensity Statistics 1998 through 2000
The minimum daily distance mean between the storm center, coordinates taken 
from the NHC advisories, and the dry core located nearest the storm center 
computed lor storm's intensity at time measurement was taken. The results are 
for all 30 storms used in this research (1998 - 2000). The following abbreviations 
are used fix the four groups; T.D. = Tropical Depression; T.S. = Tropical Storm; 
Cat 1 -2 = Category 1 and 2 hurricane; Cat 3-5 = Category 3,4, & 5 hurricane.
Intensity Mean (km) Standard deviation
T.D. 614.4 351.0
T. S. 609.3 331.9
Cat 1-2 591.7 228.4
Cat 3-5 687.8 216.7
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Category 1 -2  hurricanes). A stronger well developed hurricane which is expanding 
in areal coverage would exert a greater influence on the surrounding atmospheric 
environment than the weaker systems. As a result, a more moist surrounding 
atmospheric environment would be expected for die more intense hurricanes which 
would account for a larger minimum daily distance between the storm center and 
nearest dry core.
Root Mean Square Error results for the three seasons, and storm intensity 
categories, are listed in Tables 42 and 43, respectively. Seasonally, the greatest error 
occurred in 1998 which was 64.7 km, Table 42. The greatest error for storm intensity 
categories occurred for Category 3 - 5 hurricanes at 48.2 km, Table 43. The 
coefficient of variation results were listed in Tables 42 and 43 for die seasons and 
storm intensity categories, respectively. Seasonally, the coefficient of variation was 
slightly less than 50% for aD three storms (Table 42). Storm intensity category results 
were slightly larger than 50% for the two weakest categories and near 1/3 for the two 
strongest categories (Table 43). The results for the root mean square error and 
coefficient of variation support the usage of the study period mean of 619.7 km for all 
storms each season and all intensity categories (Tables 42 and 43) as a reasonable 
mean distance between a storm center and the nearest dry core which may influence 
the future track of die storm.
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TABLE 42
Seasonal Root Mean Square Error and Coefficient of Variation
The minimum mean daily distance between the storm center and the dry core 
located nearest the storm center computed for hurricane seasons 1998 
through 2000 (coordinates from the NHC advisories). RMSE and CV 






RMSE = Root Mean Square error CV = Coefficient of Variation
TABLE 43
Storm intensity Root Mean Square Error and Coefficient of Variation
The minimum mean daily distance between the storm center and the dry core 
located nearest the storm center (coordinates from the NHC advisories).
RMSE and CV values computed for storm intensities at the time 
measurements were taken. Intensities were categorized as:
T.D. = Tropical Depression; T.S. = Tropical Storm;





T. D. 3.7 0.57
T. S. 7.4 0.55
Cat 1-2 19.8 0.39
Cat 3-5 48.2 0.32
RMSE = Root Mean Square Error CV = Coefficient of Variation
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Seasonal and storm intensity category Student t-test results, listed in Table 44 and 
45 respectively, showed no significant differences between the storm intensity 
calegoty means and the study period mean (Table 45). However, seasonally there 
was a significant difference between die 1998 mean and die study period mean 
although die test statistic was only slighdy within the critical region, < -1.990 (Table 
44). The data set for the 1998 hurricane season contained fewer storms than the 1999 
and 2000 hurricane seasons which, as previously mentioned, may have accounted for 
the lower seasonal mean value in 1998 and subsequently the slight significant 
difference in t-test results between die 1998 and study period means; therefore, die t- 
test results support die usage of the study period mean, 619.7 km, as a mean distance 
between the storm center and the nearest <fay core which may influence the future 
track of a storm.
Chi-square test results, listed in Tables 46 and 47, show no significant difference 
between the three seasons and die study period mean (Table 46). However, there was 
a significant difference in one storm intensity category, the Category 1 -2  hurricanes, 
although the test result value of 28.03 was just under the critical value o f28.366 
which was only slighdy significant (Table 47). Therefore, the observed differences 
with the exception of the Category 1 -2  hurricanes could be explained by chance and 
die chi-square test results support die usage of the study period mean as die distance 
which a dry core may influence die future track of a storm.
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TABLE44 
Seasonal Student t-test
Student t-test results for the minimum daily distance mean between the storm center and the 
dry core located nearest the stonn center and study penod mean computed for hurricane 
seasons 1998 through 2000 (coordinates from the MIC advisories).




1998 -2.120 78 ±1.990 significant
1999 1.330 128 ±1.979 not significant
2000 -0.140 78 ±1.990 not significant
Student t-test (two tailed test alpha= .OS) if die difference is significant 
then reject Ho that die seasonal mean is equivalent to die stuffy period mean.
TABLE 45 
Stonn Intensity Student t-test
Student t-test results for the minimum daily distance mean between the storm center and the 
dry core located nearest the storm center and study period mean computed for hurricane 
intensities (coordinates from the MIC advisories) categorized as:
T.D. = Tropical Depression; T.S. = Tropical Storm;
Cat. 1 -2 = Category 1 and 2 hurricane; Cat 3-5 = Category 3,4, & 5 hurricane.




T.D. -0.074 153 ±1.976 not significant
T. S. -0.213 92 ±1.986 not significant
CaL 1-2 -0.688 90 ±1.987 not significant
Cat 3-5 1.493 50 ±2.008 not significant
Student t-test (two tailed test alpha= .05) if the difference is significant 
then reject Ho that the intensify mean is equivalent to the study period mean.
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TABLE 46
Seasonal Chi Square Test
Chi Square test results for the minimum daily distance mean between the storm center and the 
dry core located nearest the stonn center and study period mean computed for hurricane 
seasons 1998 through 2000 (coordinates from the NHC advisories), 
results were computed for the seasons.
Year Chi statistic df Chi critical value Chi-square test 
two tailed Difference is
1998 29.00 42 25.999 61.777 not significant
1999 86.50 72 50.428 97.353 not significant
2000 38.30 45 28.366 65.410 not significant
Chi square test (two tailed test alpha= .05) if die difference is significant 
then reject Ho that the seasonal mean is equivalent to die study period mean.
TABLE 47 
Storm Intensity Chi Square Test
Chi Square test results for the minimum daily distance mean between the stonn center and the 
dry core located nearest the storm center and study period mean computed for hurricane 
intensities (coordinates from the NHC advisories) categorized as:
T.D. = Tropical Depression; T.S. = Tropical Storm;
Cat 1-2 = Category 1 and 2 hurricane; Cat 3-5 = Category 3,4, & 5 hurricane




T.D. 38.3 26 13.844 41.923 not significant
T. S. 76.3 58 38.844 80.936 not significant
Cat 1-2 28.03 45 28.366 65.410 significant
Cat 3-5 16.25 29 16.047 45.722 not significant
Chi square test (two tailed test alpha= .05) if the difference is significant 
then reject Ho that the seasonal mean is equivalent to the study period mean.
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The Threat Score and Bias Score were computed using the tone measurements 
were taken of the minimum daily distance between a storm center and dry core 
depicted in the water vapor imagery. Threat Score and Bias results were computed 
for the time of the water vapor image (time = OX 3 hours after the time o f die image, 6 
hours after the time o f die image, then at 6 hour intervals through 72 hours after the 
time of the water vapor image. The Threat Score and Bias Score results are listed in 
Tables 48 and 49, respectively. The Threat Score and Bias Score were computed 
based on die consideration that a prediction was made at die time of the water vapor 
image, that the storm would not move toward the nearest dry core. Therefore, the 
Threat Score tests die hypothesis that a storm wiO not move toward a dry core.
Distances between the storm center and dry core used for the Threat Score and 
Bias Score were within or equal to 500,1000,1500, and 2000 km. The distance 
intervals allowed a depiction of the test result differences for dry cores at the four 
distance intervals from die storm center. A difference between the nearest interval 
(500 km) and the farthest (2,000 km) was computed and listed in Tables 48 to depict 
the Threat Score prediction improvement between the farthest and nearest dry cores 
included in die current research.
It can be seen from die Threat Score test results in Table 48 that forecasting a 
storm not to move directly toward the nearest water vapor image depicted dry core 
would aid in die prediction of the future track of a storm. An example o f the 
usefulness of die water vapor contoured radiance temperature field was in the
465
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TABLE 48 
Threat Score Results
The Threat Score was computed from the time measurements were of the 
minimum daily distance means between the storm center and the dry core 
located nearest the storm center (coordinates were from the NHC advisories). 
The test were computed based on the consideration that a prediction was made, 
at the time of the image, that the storm would not move toward a dry core.
The difference was computed between the 500 bn - 2000 km threat scores, 
results are located under the (500 - 20001cm) header.
Predicted only for Time of Image
Season s 2000 km s 1500 km * 1000 km ^ 500 km (500-
2000 km)
1998 0.837 0.837 0.854 1.000 0.163
1999 0.919 0.918 0.922 0.917 -0.002
2000 0.913 0.911 0.929 1.000 0.087
All Storms 0.890 0.888 0.895 0.951 0.061
Predicted for a period of 3 hours after Time of Image
Season ^ 2000 km
184̂VI * 1000 km  ̂ 500km (500-
2000 km)
1998 0.884 0.884 0.902 0.950 0.066
1999 0.904 0.903 0.906 0.960 0.056
2000 0.935 0.930 0.950 1.000 0.065
All Storms 0.907 0.905 0.917 0.968 0.061
Predicted for a period of 6 hours after Time of Image
Season <c 2000 km £ 1500 km  ̂ 1000 km s 500km (500-
2000 km)
1998 0.884 0.884 0.902 0.950 0.066
1999 0.918 0.917 0.922 1.000 0.082
2000 0.935 0.930 0.925 1.000 0.065
All Storms 0.914 0.914 0.911 0.984 0.070
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(TABLE 48 continued)
________ Predicted for a period of 12 hours after Time of Image______
Season s 2000 km s 1500 km s 1000 km <; 500 km (500 -
2000 km)
1998 0.884 0.884 0.902 0.950 0.066
1999 0.918 0.917 0.938 1.000 0.082
2000 0.913 0.907 0.900 1.000 0.087
All Storms 0.907 0.905 0.917 0.984 0.077
Predicted for a period of 18 hours after Time of Image






1998 0.907 0.907 0.927 0.950 0.043
1999 0.918 0.903 0.922 1.000 0.082
2000 0.935 0.930 0.900 1.000 0.065
All Storms 0.920 0.920 0.911 0.984 0.064
Predicted for a period of 24 hours after Time of Image
Season
1V




1998 0.930 0.930 0.951 0.950 0.020
1999 0.932 0.927 0.953 1.000 0.068
2000 0.913 0.907 0.900 1.000 0.087
All Storms 0.925 0.921 0.938 0.984 0.059
Predicted for a period of 30 hours after lim e of Image
Season £ 2000 km  ̂ 1500 km £ 1000 km * 500 km (500-
2000 kn
1998 0.824 0.853 0.844 0.923 0.099
1999 0.877 0.893 0.896 0.941 0.064
2000 0.906 0.903 0.929 1.000 0.094
All Storms 0.870 0.876 0.881 0.952 0.082
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(TABLE 48 continued)
________ Predicted for a period of 36 hours after Time of Image______
Season £ 2000km £ 1500km £ 1000km £ 500km (500-
2000 km)
1998 0.853 0.853 0.844 0.923 0.070
1999 0.872 0.891 0.927 0.917 0.045
2000 0.906 0.903 0.929 1.000 0.094
All Storms 0.876 0.883 0.901 0.946 0.070
Predicted for a period of 42 hours after Time of Image 
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km (500 -
2000 km)
1998 0.882 0.882 0.875 1.000 0.118
1999 0.872 0.872 0.897 0.900 0.028
2000 0.862 0.857 0.880 1.000 0.138
All Storms 0.873 0.870 0.887 0.970 0.097
________ Predicted for a period of 48 hours after Time of Image______
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km (500 -
2000 km)
1998 0.906 0.906 0.900 1.000 0.094
1999 0.841 0.841 0.892 0.875 0.034
2000 0.923 0.920 0.910 1.000 0.077
All Storms 0.890 0.889 0.899 0.966 0.076
________ Predicted for a period of 54 hours after Time of linage______
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km (500 -
2000 km)
1998 0.871 0.871 0.862 0.910 0.039
1999 0.907 0.907 0.944 1.000 0.093
2000 0.875 0.870 0.905 1.000 0.125
All Storms 0.888 0.88? 0.907 0.962 0.074
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(TABLE 48 continued)
________ Predicted for a period of 60 hours after Time o f Image______


























Predicted for a period of 66 hours after Time of Image
Season £2000 km £ 1500 km £ 1000 km £ 500 km (500-
20001m
1998 0.862 0.862 0.852 1.000 0.138
1999 0.886 0.886 0.931 0.800 -0.086
2000 0.950 0.947 0.941 1.000 0.050
All Storms 0.893 0.892 0.904 0.947 0.054
_________Predicted for a period of 72 hours after Time of Image______
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km (500 -
2000 km)
1998 0.808 0.808 0.792 1.000 0.192
1999 0.875 0.875 0.885 0.750 -0.125
2000 0.882 0.882 0.933 1.000 0.118
All Storms 0.855 0.855 0.875 0.933 0.078
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TABLE 49 
Bias Score Results
The Bias Score was computed from the time measurements were of the 
minimum daily distance means between the storm center and the dry core 
located nearest the storm center (coordinates were from the NHC advisories). 
The test were computed based on the consideration that a prediction was made, 
at the time of the image, that the storm would not move toward a dry core.
Predicted only for Time of Image
Season s 2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.19 1.19 1.17 1.05
1999 1.09 1.09 1.09 1.09
2000 1.10 1.10 1.08 1.00
All Storms 1.12 1.13 1.12 1.05
Predicted for a period o f 3 hours after Time of Image
Season
JV
I £ 1500 km £ 1000 km £ 500 km
1998 1.13 1.13 1.11 1.05
1999 1.11 1.11 1.10 1.04
2000 1.07 1.08 1.05 1.00
All Storms 1.10 1.11 1.09 1.03
Predicted for a period of 6 hours after Time of Image







1998 1.13 1.13 1.11 1.05
1999 1.09 1.09 1.09 1.00
2000 1.07 1.08 1.08 1.00
All Steams 1.10 1.10 1.09 1.02
Predicted for a period of 12 hours after Time of Image
Season £ 2000 km £ 1500 km £ 1000 km £500 km
1998 1.13 1.13 1.11 1.05
1999 1.09 1.09 1.07 1.00
2000 1.10 1.10 1.11 1.00
All Storms 1.10 1.11 1.09 1.02
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(TABLE 49 continued)
Predicted for a period of 18 hours after Time o f Image
Season £ 2000 km £ 1500 km £ 10001cm £500 km
1998 1.10 1.10 1.06 1.05
1999 1.09 1.11 1.09 1.00
2000 1.07 1.08 1.11 1.00
All Storms 1.09 1.10 1.09 1.02
Predicted for a period o f 24 hours after Time o f Image
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.08 1.08 1.05 1.05
1999 1.07 1.09 1.05 1.00
2000 1.10 1.10 1.11 1.00
All Storms 1.08 1.09 1.07 1.02
Predicted for a period of 30 hours after Time o f Image
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.21 1.21 1.23 1.08
1999 1.14 1.12 1.12 1.06
2000 1.10 1.11 1.08 1.00
All Storms 1.15 1.14 1.14 1.05
Predicted for a period of 36 hours after Time of Image
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.17 1.17 1.19 108
1999 1.15 1.12 1.08 1.09
2000 1.10 1.11 1.08 1.00
All Storms 1.14 1.13 1.11 1.06
Predicted for a period of 42 hours after Time of Image
Season £2000 km £ 1500 km £ 10001cm £ 500 km
1998 1.13 1.13 1.14 1.00
1999 1.15 1.15 111 1.11
2000 1.16 1.17 1.14 1.00
All Storms 1.15 1.17 1.13 1.03
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(TABLE 49 continued)
Predicted for a period of 48 hours after Time of Image
Season £ 2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.10 1.10 1.11 1.00
1999 1.19 1.19 1.12 1.14
2000 1.08 1.09 1.10 1.00
All Stonns 1.13 1.14 1.11 1.04
Predicted for a period of 54 houre after Time o f Image





1998 1.15 1.15 1.16 1.10
1999 1.10 1.10 1.06 1.00
2000 1.14 1.15 1.11 1.00
All Stonns 1.13 1.13 1.10 1.04
Predicted for a period of 60 hours after Time of Image
Season
IV
I £ 1500 km £ 1000 km £ 500 km
1998 1.15 1.15 1.16 1.00
1999 1.21 1.21 1.13 1.17
2000 1.21 1.22 1.18 1.00
All Stonns 1.19 1.19 1.15 1.04
Predicted for a period of 66 hours after Time of Image
Season
1V
I £ 1500 km £ 1000 km £ 500 km
1998 1.16 1.16 1.17 1.00
1999 1.13 1.13 1.07 1.25
2000 1.05 1.06 1.06 1.00
All Stonns 1.12 1.12 1.11 1.06
Predicted for a period of 72 hours after Time of Image
Season £2000 km £ 1500 km £ 1000 km £ 500 km
1998 1.24 1.24 1.26 1.00
1999 1.14 1.14 1.13 133
2000 1.13 1.13 1.07 1.00
All Stonns 1.17 1.17 1.14 1.07
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discussion of Hunicane Milch 1998 in Section 5.4.1. There are several references in 
the Mitch discussion illustrating the location o f a water vapor image depicted dry core 
in the path of Hunicane Mitch's forecasted track. Had the water vapor contoured 
radiance temperature field been utilized at die time of Hurricane Mitch 1998 as an aid 
in forecasting the Hurricane's future track the enor predicting that Mitch would 
move northward into the Gulf o f Mexico near or over the Yucatan Peninsula could 
have been avoided.
The Results listed in Tables 48 and 49 reveal a general improvement in 
successfully predicting that a storm will not move toward a dry core occurred when 
the dry cores arc located closer to the storm center (s 500 km). The results of Threat 
Scores vs distance at the time of the image (time = 0), 3 and 6 hours after the time of 
die image, then at 6 hour intervals through 72 hours after die time of the image were 
depicted graphically in Figures 207 through 220. The graphical results showed that at 
all times after die initial image the Threat Score results generally declined with 
distance, with the exception of die 1999 Hurricane Season results at 66 and 72 hours 
after die initial image. The Threat Score results for distances of the dry cores s 500 
km from die storm center are greater than .90 for each time period tested for the 30 
stonns used in this research listed in Table 48 as all stonns. The Bias Score results 
(Table 49) generally revealed only a slight bias which was an overforecasting (1.00 + 
values) but the Bias Score results were less for dry cores located £ 500 km from the 
storm center than the more distant ones.
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Figure 207. Graphical results of the Threat Score vs distance computed at the time of the contoured




































Figure 208. Graphical results of the Threat Score vs distance computed at 3 hours after the time of the contoured

































Figure 209. Graphical results of the Threat Score vb distance computed at 6 hours after the time of the contoured water






























Figure 210. Graphical results of the Threat Score vs distance computed at 12 hours alter the time of the contoured
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Figure 211. Graphical results of the Threat Score vs distance computed at 18 hours alter the time of the contoured water
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Figure 212. Graphical results of die Threat Score vs distance computed at 24 hours alter the time of the contoured water
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Figure 213. Graphical results of the Threat Score vs distance computed at 30 hours after the time of the contoured water
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Figure 214. Graphical results of the Threat Score vs distance computed at 36 hours after the time of the contoured water
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Figure 2 IS. Graphical results of the Threat Score vs distance computed at 42 hours after the time of the contoured water
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Figure 216. Graphical results of the Threat Score vs distance computed at 48 hours after the time of the contoured water
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Figure 217. Graphical results of the Threat Score vs distance computed at S4 hours after the time of the contoured water
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Figure 218. Graphical results of the Threat Score vs distance computed at 60 hours after the time of the contoured water
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Figure 219. Graphical results of the Threat Score vs distance computed at 66 hours after the time of the contoured water






























Figure 220. Graphical results of the Threat Score vs distance computed at 72 hours alter the time of the contoured water
vapor image for the 30 storms included in the research.
The Threat Score forecast accuracy generally declined with time out to 72 hours 
after the time of the satellite water vapor image. However, Table 49 results revealed 
that the decline in accuracy was slight through die 72 hour period, the all stonns 
results forecast accuracy declined from .90 + at 3 hours after the time of the water 
vapor image to .85 + at 72 hours after the time of the water vapor image (Table 49). 
Similarly, the Bias Score results declined only slightly from 3 hours after the tune of 
the water vapor image to 72 hours after die time of the water vapor image (Table 49). 
The Threat Score vs time results that showed the general decline in accuracy were 
depicted graphically in Figures 221 through 224 at die four distance intervals (2,000 
km, 1,500 km, 1,000 km, and 500 km) outward from the storm center.
An evaluation of the Threat Score results was made using the ratio of the 72 hour 
vs the 24 hour Threat Score results for all storms used in this research. The following 
results were computed for the 72 hour vs 24 hour Threat Score ratio, the ratio for dry 
cores s 2,000 km was 0.924, s 1,500 km was 0.928, s 1,000 km was 0.933, and s 500 
km was 0.948. There was a 5% to 8% decrease in the Threat Score results at 72 hours 
from die 24 hour results. In testing die hypothesis that a storm will not move toward 
the nearest dry core the small decline in the Threat Score results supports the usage of 
the hypothesis through a 72 hour period as an aid in storm track forecasting.
The results throughout the 72 hour period showed die usefulness o f incorporating 
the water vapor contoured radiance temperature field as an aid in forecasting the 
future track of storms. The atmosphere is dynamic; therefore, the dry cores and
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Figure 221. Graphical results of the Threat Score vs time computed for all cases where a dry core was located
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Figure 222. Graphical results of the Threat Score vs time computed for all cases where a dry core was located
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Figure 223. Graphical results of the Threat Score vs time computed for all cases where a dry core was located
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Figure 224. Graphical results of the Threat Score vs time computed for all cases where a dry core was located
within 500 km of a storm center in the contoured water vapor images included in the research.
storms arc usually moving relative to each other but, at times, one or both systems 
may be stationary. Therefore, an analysis of the threat score and bias results support 
the hypothesis that a stoim will not move toward die nearest dry core depicted in die 
water vapor contoured radiance temperature field. An analysis of the threat score and 
bias score results would support the usage of a three day (72 hour) forecast by 
planners that a storm would not move toward the nearest dry core depicted in a water 
vapor-contoured radiance temperature field.
5.4.3 WATER VAPOR RADIANCE TEMPERATURE FIELD CHARACTERISTICS
The results discussed in Chapter 5 (Analysis and Results) for each of the 30 storms 
along with the statistical results developed from the interactions between a storm's 
center and water vapor dry cores have demonstrated the relationships between the 
water vapor radiance temperature field and storm track. Several features were 
identified from die study period results which affected a storm's trade. The storm's 
tracks were affected by dry cores, vapor fronts, moist and moistening areas, and moist 
tongues depicted in the radiance temperature fields. A discussion of the track 
affecting water vapor radiance temperature field features follows.
It was determined that each of the 30 storms used in the current study were 
affected at various times during their life cycles by dry cores depicted in die water 
vapor radiance temperature field. Statistical results were discussed in Section 5.4.2 
based on daily distances measured between a storm center and the nearest dry core.
The mean distance between storm centers and the daily nearest dry core for all 30
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stonns used in the research was determined to have been 620 km with a standard 
deviation o f289 km (Table 40). It was shown statistically that the all stonns mean 
distance (620 km) was not significantly different from die seasonal means (Tables 44 
and 46) and storm intensity means (Tables 45 and 47) with die exception of the 1998 
season and categoty 1 -2  hurricane intensity results which were only slightly 
significant. The Threat Score and Bias Score results demonstrated the benefit of 
forecasting that a storm wiD not move toward a dry core as an aid in predicting a 
storms future track The statistical results support using the study period all storm’s 
mean o f620 km with a standard deviation o f289 km as the distances within a storm 
center to identify dry cores that will have the greatest impact on a storm's future track 
An analysis of the water vapor radiance temperature field imagery used in the 
current research has revealed die following dry core effects a storm's track 1. None 
of die 30 storms ever moved into a dry core. 2. Any movement toward a dry core 
located within die mean distance of 620 km and standard deviation of 289 km was 
only temporary. 3. When dry cores remained stable (radiance temperature field 
temperatures remained approximately the same) or became drier (radiance 
temperature field temperatures wanned), the storm did not move into the dry area that 
contained the dry core. 4. When a dry core weakened (radiance temperature field 
temperatures cooled), dissipated, or moved away from a location, then a storm may 
move into that area where the dry core was previously located. 5. When a dry core 
moved toward a storm, die storm wfll move away from or to one side of the dry core's
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path. 6. When dry areas surround a storm, the storm may move slowly, become 
stationary, or move erratically and possibly weaken. Dry areas surrounding a storm 
indicated that the atmospheric environment was not conducive to development of a 
tropical system. Dry areas in water vapor imagery indicate subsidence which is 
detrimental to tropical development (Anthes, 1982). An exception to number 6 may 
occur when 7. A storm and dry cores are moving in the same direction at 
approximately the same speed; for example, when the features are moving with the 
easterlies at lower latitudes or westerlies at higher latitudes or along the same steering 
currents. Observing die water vapor imagery at 30 minute intervals allowed die 
determination whether the storm and dry cores were moving in the same direction 
near the same speed.
Hurricane Gert 1999 and Tropical Storm Beryl 2000 were two examples that 
demonstrated (2) a temporary movement toward a dry cote. Figure 106 the 2115 UTC 
16 September image depicted a dry core located approximately 790 km (426 mOes) 
west-north-west of Gerfs center. Hurricane Gert (Section 5.2.6) was moving toward 
the west-north-west however, Gert changed course toward the northwest on 17 
September. The second example was demonstrated by Hurricane Beryl 2000 (Section 
5.3.2). Figure 153 the 2045 UTC 14 August image which showed a dry core located 
approximately 648 km (350 miles) north-north-west of Beryls center. Table 25 
showed that Tropical Storm Beryl changed course from a northwest track that 
occurred from 09 to 18 UTC 14 August to a west-north-west track at 21 UTC.
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Hurricanes Mitch 1998 and Bret 1999 were two examples that showed (3) when 
dry cores remained stable or became drier, the storm would not move into the dry area 
that contained die dry core were. Figure 65 die 031S UTC 28 October image 
demonstrated the case for Hurricane Mitch 1998 (Section 5.1.8) Figure 65 the 0315 
UTC image depicted a dry core located behind a vapor front which was located 
northwest o f Mitch; the dry core had warmed shghtty. Mitch remained essentially 
stationary on 28 and 29 October but drifted southward. In the case of Hurricane Bret 
1999 (Section 5.2.1) (Figure 75) the 1515 UTC 22 August image depicted a persistent 
dry core west of Bret's center. Bret was expected to move westward into Mexico; but 
moved northward instead.
The water vapor radiance temperature field of Hurricane Georges (Section 5.1.5) 
1515 UTC 20 September 1998 (Figure 35) was an example of (4) a case where a 
storm moved into a former dry core location. The image depicted a dry core located 
814 km (440 miles) west-north-west of the storm's center. Table 9 showed that 
Georges had generally tracked west to west-north-west through 1215 UTC 24 
September at 10 -14 knots (11.5 - 16 m.pJL). Therefore, Hurricane Georges had 
moved into an area where a dry core had previously been located but which had 
moistened once the dry core moved.
Two examples o f (5) movement away from a dry core advancing toward the storm 
were Hurricanes Karl (1998) and Lenny (1999). The 1515 UTC 25 September water 
vapor radiance temperature field, Figure 58, had depicted a dry core that was
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advancing eastward toward Hurricane Kari (Section 5.1.7). Kari tracked eastward on 
25 September (Table 12). Hurricane Lenny (1999) (Section 5.2.11) similar^ tracked 
eastward ahead of an easterly moving dry core. The 2115 UTC 15 November water 
vapor radiance temperature field (Figure 139) showed dry ernes located west of 
Tropical Storm Lenny. Tropical Storm Lenny and the dry cores advanced eastward 
(Table 23).
Hurricane Dennis 1999 (Section 5.2.3) was an example of (6) a storm which was 
surrounded by dry areas. Figure 85 the 0315 UTC 28 August image depicted the dry 
environment that had surrounded Dennis from 26 through 28 August 1999. Table 15 
showed that Hurricane Dennis was stationary or moved slowly from 26 through 28 
August.
Hurricanes Georges 1998 and Lenny 1999 were two examples of (7) stonns that 
moved in the same direction as dry cores. The 1515 UTC 23 September water vapor 
imagery of Hurricane Georges, Figure 38 (Section 5.1.5), depicted dry cores northwest 
and north-north-east o f the storm center. Sequences of water vapor imagery had 
shown that Georges and ihc dry cores were moving west-north-westward. Similarly, 
for Hurricane Lenny 1999 (Section 5.2.11) water vapor radiance temperature field 
imagery depicted in Figure 139 the 2115 UTC 15 November image through Figure 
143 the 2115 UTC 17 November image showed that dry cores and Hurricane Lenny 
were advancing eastward in response to the upper-level westerly wind flow pattern.
497
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Twenty-eight o f the thirty stonns included in this study were affected by vapor 
fronts at some time during their life cycle. The following storm track affecting 
characteristics with respect to vapor fronts were determined from an analysis of die 
water vapor radiance temperature field imagery. 1. All 28 storm centers always 
remained on the moist side o f the vapor front. 2. When vapor fronts retreated away 
from a storm or weakened (denoted by a lessening o f the temperature gradient), a 
storm may move into the area from which the vapor front retreated. 3. If a vapor front 
is weakening or a portion of the vapor front is weakening, then the vapor front or area 
along the vapor front which is weakening should be monitored for moistening which 
could indicate the future track of the storm, ahead of die front, with the exception of 
the merging between a storm and a vapor front 4. When an advancing vapor front 
approaches a storm, then the storm will change course and move away from the vapor 
front, along the moist side o f die vapor front or ahead of die vapor front with the 
exception of die merging between a storm and a vapor front. 5. When a vapor front is 
essentially stationary and maintains its strength or strengthens (radiance temperature 
field is stable or wanning behind the vapor front), the storm's movement into the 
vapor front will be Mocked. 6. If the vapor front and storm are essentially stationary 
and the vapor front strengthens or drifts toward the storm, then the storm may be 
essentially pushed by the vapor front and drift away from the vapor front, especially if 
there is a dry core located behind the vapor front which is moving toward the storm.
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Hurricane Floyd (1999) (Section S.2.S) was an example that demonstrated (2) a 
vapor front that retreated from an area into which a storm tracked. The 2115 UTC 14 
September water vapor image (Figure 102) had showed the location of a vapor front 
over Georgia, South and North Carolina. The 071S UTC 16 September image (Figure 
104) showed that the vapor front had retreated from the coastal areas ahead of the 
advancing Hurricane Floyd.
Hurricane Lenny 1999 (Section 5.2.11) was an excellent example of (3) that a 
storm will change course or move away from an advancing vapor front The 2115 
UTC 17 November water vapor image, Figure 143, showed a vapor front which was 
located well ahead of an easterly moving cold front An analysis of die water vapor 
imagery revealed that the vapor front was moving eastward. Figure 144 die 2115 
UTC 18 November radiance temperature field showed that Hurricane Lenny had 
moved away from die advancing vapor front
Hurricane Floyd 1999 was an example of (4) when an advancing vapor front 
approached a storm, then die dorm wQl change course and move away from the front, 
along die moist side of tihe front The 2115 UTC 14 September water vapor image 
(Figure 102) had shown the location of a vapor front over Georgia, South and North 
Carolina. The 0715 UTC 16 September image Figure 104 showed that Hurricane 
Floyd was tracking along the moist side of the vapor front
Hurricane Keith 2000 was an example of (5) when a vapor front is essentially 
stationary and maintains its strength or strengthens the storm’s track toward the vapor
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front wifl be blocked. Hurricane Keith 2000 (Section 5.3.10) was blocked, from a 
predicted northwest track into die Gulf of Mexico by a strong vapor front located 
north of the storm. Comparing Figure 190 (the 1815 UTC 1 October water vapor 
image) with Figure 190 (die 1815 UTC 2 October image) it was seen that Keith 
remained south (on die moist side) o f the strong vapor front
Hurricane Mitch 1998 was an example of (5) similar to Keith 2000 and also (6) If 
the vapor front and storm are essentially stationary and die vapor front strengthens or 
drifts toward the storm then the storm may be essentially pushed by the vapor front 
and drift away from the vapor front, especially if there is a dry core located behind die 
vapor front which is moving toward the storm. Figure 65, (the 0315 UTC 28 October 
water vapor image), depicted a vapor front north of Hurricane Mitch (Section 5.1.8). 
The hurricane had been forecasted to move northward into die Yucatan Peninsula and 
the Gulf of Mexico. However, Figure 67 die 0915 UTC 29 October image showed 
that Mitch had drifted southward and was inland over Honduras. The storm's 
predicted northward movement had been blocked by the strong vapor front, which the 
water vapor imagery received at 30 minute intervals, had shown was strengthening 
shghdy. Therefore, Mitch had drifted southward into Honduras.
Study period characteristics of moist areas have been developed from the analysis 
of die water vapor radiance temperature field images. Twelve of the thirty stonns 
analyzed in the current research tracked toward or into moistening areas during their 
lifecycles. Seventeen of the thirty stonns tracked toward or into a moist tongue. A
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moist tongue was previously defined as an area extending from a storm which has 
cooler contoured radiance temperatures relative to the moist areas where they 
developed. An example of a moist tongue was depicted in the water vapor image of 
Hurricane Floyd 1999 (Section 5.2.5) Figure 101 at 2115 UTC 13 September. The 
image showed a moist tongue that extended northward from Floyd's moisture. The 
moist tongue extended into a secondary convection center located over coastal North 
Carolina. The 2115 UTC 14 September image, Figure 102, showed that the moist 
tongue had became more pronounced, denoted by a cooling of radiance temperatures, 
and Floyd was moving into die moist tongue.
The following track-affecting characteristics of moist areas were determined 
through the analysis of the water vapor radiance temperature field imagery examined 
in the current research. 1. When a moistening area or moist tongue begins to extend 
from a storm, excluding moistening areas associated with feeder bands, then the storm 
may track into the moistening area. 2. A moist tongue or moistening area beginning 
to extend from or near a storm and ahead of a vapor front that is near the storm may 
indicate that die storm’s future track will be toward or into the moist tongue or 
moistening area. 3. A dissipating moist tongue or moist area may indicate that a 
storm will change course and not continue tracking into or toward the moist tongue or 
moistening area.
Tropical Storm Herminc 1998 (Section 5.1.6) was an example o f (1) that a storm 
may track into a moistening area extending from the storm. Water vapor radiance
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temperature fidd imagery from 18 September through 20 September depicted a 
moistening north of Tropical Storm Hermme. The 0915 UTC 18 September image 
(Figure 54) and die 1515 UTC 20 September image (Figure 55) depicted die 
moistening north of the storm. Tropical Storm Hennmc tracked northward into the 
moistening area.
Hurricane Bret 1999 (Section S.2.1) was an example showing (1) that a storm may 
track toward or into a moist tongue extending from a storm. The 1515 UTC 20 
August water vapor radiance temperature field (Figure 71) depicted a developing 
moist tongue north of Bret. The 2115 UTC 21 August image (Figure 73) continued to 
show the moist tongue north of Bret. Subsequent images, 1515 UTC 22 August 
(Figure 75) and 0915 UTC 23 August (Figure 76), showed Bret's track into the moist 
tongue when the storm had been forecasted to move westward into Mexico.
Moistening ahead of a vapor front (2) as an indicator o f the iuture storm track is 
similar to the findings o f Dvorak (1984), (Dvorak 1993), and Dvorak and Mogil 
(1994) discussed in Section 2.5. Their results indicated that a storm would change 
course from a northwest track to a north or northeast track as a "curved moisture 
boundary" ahead of a trough approached die storm from die west They indicated that 
behind the curved moisture boundary there were dark areas and ahead of die curved 
moisture boundary there were light shades. They also discussed that a darkening 
north of a storm indicated a change to a westward track. The darkening north of a 
storm occurred in the cases o f Mitch 1998 (Section 5.1.8) and Keith 2000 (Section
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5.3.10). Keith 2000 did turn generally westward; however, Mitch drifted southward 
into Honduras. The contoured smoothed water vapor radiance temperature field gave 
an indication that Mitch would move southward. Therefore, contouring smoothed 
water vapor radiance temperatures and analyzing die radiance temperature field in die 
current research has provided additional insight into the future track o f stonns through 
die quantification o f moist and dry areas, rather than only observing changes in the 
light and dark areas.
Hurricane Isaac 2000 (Section 5.3.8) was an example of (2) a storm that moved 
into a moist tongue ahead of an advancing vapor front The water vapor images at 
1515 UTC 28 September (Figure 180) and 2115 UTC 29 September (Figure 181) 
depicted Isaac moving northward into a moist tongue that was located in front of an 
advancing vapor front
Hurricane Dennis 1999 (Section 5.2.3) was an example of (3) a storm that had 
tracked into a moist tongue which dissipated resulting in the storm changing course. 
The 0315 UTC 28 August water vapor image, Figure 85, the 1815 UTC 28 August 
image, Figure 86, and the 1215 UTC 29 August image, Figure 89, showed Dennis 
tracking into a moist tongue. However, the 1815 UTC 31 August image, Figure 90, 
and subsequent imagery showed that die moist tongue was dissipating and that Dennis 
had changed course from an east-north-east track to a west track (Table 15).
Five stonns included in die current research merged with vapor fronts. The storms 
were Tropical Storm Frances 1998, Hurricanes Gen and Jose 1999, and Hurricanes
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Florence and Gordon 2000. The following water vapor smoothed radiance 
temperature field characteristics denoted the merger between a vapor front and storm.
1. When a storm is about to merge with a vapor front, the vapor front will be 
located near or along the poiphoy o f the storm and dry air will begin to become 
entrained within the storm's circulation. 2. Oncedry air is entraining within the 
storm's circulation, then the storm will weaken, dissipate, become extra-tropical, or 
weaken temporarily that maintain its intensity or begin reintensifying. All five 
storms'contoured radiance temperature fidd imagery depicted (1) dry air becoming 
entrained within the storm's circulation.
Tropical Storm Frances 1998 and Hurricane Gert 1999 were two examples of (2) 
storms that weakened and dissipated while merging with a vapor front. Tropical 
Storm Frances (Section S. 1.4) merged with a vapor front, surface stationary front, in 
the Gulf of Mexico. The 1815 UTC 10 September watervapor image (figure 31), the 
031S UTC 11 September image (Figure 32X and die 2115 UTC 11 September image 
(Figure 34) depicted the merger between Frances and the vapor front Tropical Storm 
Frances was a storm which weakened, moved inland, and dissipated while merging 
with the vapor front Hurricane G ot 1999 (Section 5.2.6) was depicted in Figure 111, 
the 2115 UTC 21 September water vapor image, merging with a vapor fro n t3 surface 
trough. Gert weakened steadily and moved northeastward ahead of the vapor front 
while merging with the front
504
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hurricane Jose 1999, Hurricane Florence 2000, and Hurricane Gordon 2000 were 
three examples o f (2) stonns that weakened and became extra-tropical while merging 
with a vapor front Hurricane Jose (Section 5.2.9) was depicted merging with a vapor 
front, surface cold front, in Figure 129 (the 2115 UTC 23 October water vapor image) 
and Figure 130 (die 2115 UTC 24 October image). Jose weakened and moved rapidly 
north-north-eastward while merging with the vapor front and became an extra-tropical 
storm. Hurricane Florence 2000 (Section 5.3.5) merged with a vapor front, surface 
cokl front The 2115 UTC 15 September water vapor image, Figure 167, depicted 
Florence moving eastward ahead of the vapor front in the Atlantic Ocean. The 2045 
UTC 16 September image, Figure 168, showed die vapor front and Florence 
advancing eastward in the north Atlantic. The vapor front was located along the 
western edge of Florence. Florence weakened and became extra-tropical on 17 
September. Hurricane Gordon (2000) (Section 5.3.6) was depicted in Figure 174 (the 
1815 UTC 17 September water vapor image) off the west coast of Florida. The storm 
was merging with a vapor front, surface cold front, and was being impacted by wind 
shear and dry air entrainment which weakened the storm. Gordon dissipated and 
merged into an extra-tropical storm on 18 September.
An analysis of the water vapor contoured smoothed radiance temperature fidd has 
allowed the determination of track affecting interactions between stonns and water 
vapor moist and dry features. An analysis procedure has been formulated, from the 
analysis and results o f the current research, to aid the forecasting of future storm
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tracks using a water vapor contoured smoothed radiance temperature field. The 
analysis procedure known as The Hurricane Water Vapor Radiance Temperature Field 
Forecast Techniguc has been presented in die following Section S.S.
5.4.4 EFFECT OF DRY CORE TEMPERATURE ON TROPICAL CYCLONE 
CENTRAL PRESSURE
The relationships between a dry core and storm track were discussed in Section
5.4.3 ( Water Vapor Radiance Temperature Field Characteristics). The relationships 
were determined based on the interactions between a storm center and the water vapor 
dry cores along with study period statistical results o f the thirty storms used in this 
research. A discussion of the dry core temperature and tropical storm cyclone central 
pressure for four major hurricanes follows.
Hurricanes Georges 1998, Mitch 1998, Floyd 1999, and Keith 2000 were four 
Atlantic Basin hurricanes that reached major hurricane intensity (Category 3 or 
greater). The four hurricanes were selected to show the effect of dry core 
temperatures on the hurricanes’ intensity. Examples were selected for each year 
(1998, 1999, and 2000) included in the study period for this research. The four 
hurricanes used in this discussion were selected for their large intensity level changes 
and geographic locations. Hurricane Georges was located along the Caribbean 
Sea/Atlantic border and Gulf of Mexico; Hurricane Mitch and Keith were located in 
the Caribbean sea; and Hurricane Floyd was an Atlantic Ocean hurricane. A 
hurricane's central pressure is an indication of the storm's intensity. The Saffir-
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Simpson Scale (Simpson and Riehl, 1981) lot a Category 3 hurricanes central 
pressure range at 945 - 964 mb, a Category 4 has a range o f920 - 944 mb, and a 
Category 3 intensity hurricane has a central pressure < 920 mb.
Characteristics of Hurricanes Georges, Mitch, Floyd, and Keith are listed in Tables 
SO, 51, 52, and 53. Hurricane Georges' intensity is listed as a tropical depression and 
Categories 1, 2, and 4 hurricane intensities at the times measurements were made for 
the parameters listed in Table 50. Hurricane Mitchs' intensity is listed in Table 51 at 
tropical storm and Categories 1 ,3 ,4 , and 5 intensity. The third storm, Hurricane 
Floyd, is listed in Table 52 at tropical storm and Categories 2, 3, and 4 hurricane 
intensities. Hurricane Keiths' intensity is listed in Table 53 at tropical depression, 
tropical storm, and Categories 1, and 2 intensities.
The four hurricanes' central pressure and category are two parameters listed in 
Tables 50, 51, 52, and S3. The temperature of die dry cote located closest to die 
storm is listed under dry core and the wind speed of the hurricanes is included under 
wind speed in Tables 50 - 53.
A determination of the tele-connection between a hurricane and the nearest dry 
core can be decided from an analysis of the dry core temperature and the central 
pressure of a storm. As previously discussed hurricanes central pressure shows its 
intensity level, the lower the central pressure the more intense the storm. If there is a 
dynamic link between the nearest dry core and storm, then the dry core will 
contribute to die stonns intensity level.
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TABLE 50
Dry Core vs Hurricane Georges 1998
The dry core water vapor temperatures at the times o f the images the minimum
daily distance means were computed for the research. Coordinates for the storm










9-20 1215 -22 939 4 130
9-21 2115 -22 967 2 95
9-22 0315 -22 978 2 95
9-23 1515 -25 996 1 65
9-24 0315 -29 992 1 65
9-25 2115 -18 975 2 90
9-26 1515 -22 974 90
9-27 2115 -21 961 2 95
9-28 1315 -23 965 2 85
9-29 1515 -16 995 T.D. 30
Mean -22
Standard Deviation 3.5
Coefficient of Variation 0.16
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TABLE 51
Dry Core vs Hurricane Mitch 1998
The dry core water vapor temperatures at the times o f the images the nummum
daily distance means were computed for the research. Coordinates for the storm
center, the storm pressure, Category, and wind speed were from the NHC advisories.
Month- Dry Core Pressure Category Wind
Day Storm Center Speed
UTC ° Celsius mb kts
10-23 2115 -26 997 T.S. 50
10-24 0915 -29 988 1 80
10-25 2115 -30 924 4 130
10-26 0315 -31 924 4 130
10-27 0615 -30 918 5 155
10-281515 -23 948 3 105
10-29 0915 -24 979 1 75
10-30 0315 -20 995 T.S. 45
10-31 1215 -17 1000 T.S. 45
Mean -25.6
Standard Deviation 4.9
Coefficient of Variation 0.19
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TABLE 52
Dry Cote vs Hurricane Floyd 1999
The dry core water vapor temperatures at the times o f the images the minimum
daily distance means were computed for the research. Coordinates for the storm
center, the storm pressure, Category, and wind speed were from the NHC advisories.
Month- Dry Core Pressure Category Wind
Day Storm Center Speed
UTC ° Celsius mb kts
9-8 2115 -22 996 T.S. 60
9-9 0315 -23 995 T.S. 60
9-10 0315 -24 995 T.S. 60
9-11 2115 -27 966 2 95
9-12 2115 -26 940 3 n o
9-13 1215 -26 921 4 135
9-14 1815 -25 933 4 120
9-15 1915 -17 947 3 105
9-16 0315 -15 952 3 100
Mean -22.8
Standard Deviation 4.2
Coefficient of Variation 0.18
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TABLE 53 
Diy Core vb Hurricane Keith 2000
The dry core water vapor temperatures at the times o f the images the minimum
daily distance meant were computed for the research. Coordinates for the stonn
center, the storm pressure, Category, and wind speed were from the NHC advisories.
Month- Dry Core Pressure Category Wind
Day Stonn Cento’ Speed
UTC ° Celsius mb kts
9-30 0015 -17 995 T.S. 60
9-30 1815 -17 982 1 60
10-2 0015 -17 958 2 60
10-2 1815 -16 979 1 95
10-3 2115 -13 998 T-D. 110
10-4 1815 -14 996 T.S. 135
10-5 1515 -21 984 1 120
10-6 0915 -21 1002 TJ). 105
Mean -17
Standard Deviation 2.9
Coefficient of Variation 0.17
511
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table SO lists’ the nearest dry core temperature range from -16° C to >29° C for 
Hurricane Georges. The central pressure for Georges ranges from 939 mb (Category 
4) to 99S mb (tropical depression). The following statistics were computed for 
Georges; the mean dry core temperature of -22° C, the standard deviation of 3.5° C, 
and the coefficient o f variation o f 0.16. The central pressure o f Hurricane Georges 
changed dramatically over the ten-day period however, the dry core temperature did 
not vary much.
Table SO shows that the dry core temperatures remained at -22° C while Hurricane 
Georges' intensity level weakened from a category 4 hurricane on September 20 to a 
Category 2 hurricane on September 22. The steady -22° C dry core temperature 
clearly shows that as Hurricane Georges central pressure decreased and the storm 
weakened significantly from a Category 4 hurricane with 130 knot winds to a 
Category 2 hurricane with 95 knot winds, the dry cores intensity did not change. The 
dry core temperatures mean value of -22° C ± 3.5° C while Hurricane Georges 
intensity level changed from Category 4 to tropical depression intensity shows that the 
nearest dry core did not contribute to the intensity level changes observed in 
Hurricane Georges. There were no tele-connections between the nearest dry core and 
die storm here. Therefore, there is no dynamic linkage between the nearest dry core 
and Hurricane Georges and the dry core does not contribute to Georges' intensity level 
changes.
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Hurricane Mitch 1998 data is lulled in Table 51. The dry core temperatures range 
from -17 to -31° C. The central pressure range listed in Table SI is from a 1000 mb 
tropical storm to a Category 5 hurricane with a pressure of 918 mb. The dry core 
temperature mean is -25.6° C with a standard deviation of 4.9° C and a coefficient of 
variation value of 0.19.
The temperature o f the nearest dry core for Hurricane Mitch, «milar to Hurricane 
Georges, did not change much however, the central pressure changes for Hurricane 
Mitch was dramatic. The case of Hurricane Mitch also shows that the nearest dry core 
temperature changes were relatively small compared to the great intensity level 
changes of the hurricane. Therefore, again there is no dynamic link between the 
nearest dry core and Hurricane Mitch. The dry core does not contribute to intensity 
level changes of Hurricane Mitch.
The third case included in this section is Hurricane Floyd 1999. Hurricane Floyd 
data again shows the small dry core temperature fluctuations as the stonns' intensity 
level changes dramatically. Table 52 lists' the nearest dry core temperatures 
over a period of nine days. The mean and standard deviation of the dry core 
temperature was -22.8° C and 4.2° C respectively, with a coefficient of variation of
0.18. Floyd's central pressure ranged from 996 mb (tropical storm intensity) to 921 
mb (Category 4 hurricane intensity).
The temperature of the nearest dry core to Floyd also did not change much over the 
nine-day period however, the central pressure changes for Hurricane Floyd was
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dramatic. Therefore, in tins third case o f Hurricane Floyd the nearest dry core and 
stonn center are not linked dynamically. Just as in the two other cases, used to show 
die effects of die nearest diy core temperature and tropical cyclone intensity, the case 
of Floyd showed that die dry core does not contribute to die intensity level of die 
hunicane.
Hurricane Keith 2000 dry core temperatures and central pressures are two 
parameters listed in Table S3. The dry core temperatures range from -13 to -21° C, 
whfle the stonns central pressure ranges from a 1002 mb tropical depression to a 
Category 2 hurricane with a pressure o f958 mb. The mean and standard deviation are 
-17° C and 2.9° C respectively with a coefficient of variation of 0.17
The dry core temperature remained at -17° C while Keith intensified from a 
tropical storm with 45 knot winds to a Category 2 hurricane (Table S3). The dry core 
temperature fluctuations were inconsistent with die intensity changes of Hunicane 
Keith. The results of the dry core temperature versus the intensity changes of Keith 
shows that the dry core does not contribute to the intensity level variations of the 
hurricane. These are the same results relating the dry core temperature changes with 
the storm's intensity level variations as die three other hurricanes, from 1998 and 
1999, yielded.
The changes in the temperature o f the dry cores located closest to die four 
hurricanes versus their intensity level changes discussed in this section has shown that 
there is no dynamic link between these two features depicted in die water vapor
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radiance temperature fidds. It was shown that the dry core temperature changes were 
negligible while the stonns central pressure changes were dramatic. Therefore, it has 
been shown that the dry core does not contribute to the intensity level changes of the 
four hurricanes.
Furthermore, the mean distance between the dry core located closest to the storm 
center was approximately 620 km (Section 5.4.2) for the 30 stonns included in this 
research. The average radius of a hurricane is 250 - 350 Ian. Therefore, die mean 
distance for the dry core located nearest a storm center (620 km) was determined to be 
located outside the hurricane proper; therefore, the dry cores were not part of the 
storm.
Therefore, for the Atlantic Basin it has been determined that the nearest dry cores 
depicted in the water vapor radiance temperature fields do not contribute to the 
intensity level changes for these hurricanes. There is no dynamic link between the 
nearest dry core and the hurricane. The dry core is a separate entity from die 
hurricane and any drying or moistening of the dry core is due to forces external to the 
hurricane.
The mean dry core temperatures for die four hurricanes ranged from -17°C to - 
25.9°C, which has a mean value of -21.8°C. The intensity changes ranged from a 
weak tropical depression to Category 5 hunicane intensity. The dry core temperature 
effects are negligible on a hurricane's intensity level, therefore, the dry core only 
effects die storm track.
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The cages discussed in this section demonstrated that the diy cores are separate 
entities from die hurricanes; since there are no dynamic links between the nearest dry 
core and a hurricane and they are located beyond die radius of the average hurricane. 
The relationships depicted between dry core temperatures and the central pressure of 
tropical cyclones confirmed die lack of dynamic linkage between die nearest dry core 
and a hurricane. Therefore, it can be inferred that the nearest dry core only affects the 
storm track. In conclusion, die dry core has no effect in die storms intensity level but 
only affects the storms track
5.5 HURRICANE WATER VAPOR RADIANCE TEMPERATURE FIELD 
FORECAST TECHNIQUE
The following procedure, The Hurricane Water Vapor Radiance Temperature Field 
Forecast Technigue: an aid for tropical cyclone track forecasting, has been developed 
from die research results of this dissertation. The technique is proposed as a method 
of analysis of the contoured water vapor radiance temperature fields to aid forecasting 
tropical cyclones by utilizing the characteristics of the interactions between tropical 
cyclones and features identified in die contoured radiance temperature fields of this 
research.
The Hurricane Water Vapor Radiance Temperature Held Forecast Technigue, 
which may indicate a strum's track for several days, for example in the case for 
Hurricane Keith 2000 (Section 5.3.10), has been developed as a short tom  forecast 
tool to be used as an aid to determine a storm's future track. Statistical results from
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the Threat Score and Bias Score (Section 5.4.2) suggested a viable forecast through a 
72 hour period is reasonable. The procedure to be foOowed to utfli7e The Hurricane 
Water Vapor Radiance Temperature Reid Forecast Technigue as an aid to forecast a 
storms track has been outlined below.
First select a contoured water vapor smoothed radiance temperature field image for 
analysis and follow the following procedure to determine the future track o f a storm. 
Note: The procedure has been based on combining foe effects of all foe features 
outlined below, dry core, vapor front, and moist features.
The Hurricane Water Vapor Radiance Temperature Field Forecast Technigue:
Step [1] Dry Core
Note: Select dry cores within 620 km ± 289 km of the storm center.
1. The storm wiD not move into the dry core within 620 km ± 289 km of foe storm 
center.
2. If the storm moves toward a dry core located within 620 km ±289 km of foe storm 
center, then that track will only be temporary with the following exceptions if  the dry 
core dissipates or moves away from its current location.
Note: Determine foe direction of movement of foe storm center and foe dry core(s) 
located within 620 km ±289 km of foe storm center.
Note: Determine whether foe dry core is weakening, stable, or strengthening. 
Weakening = contoured smoothed radiance temperature field isotherms are coding 
(moistening).
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Stable = contoured smoothed radiance temperature field isotherms are remaning 
approximately the same.
Strengthening = contoured smoothed radiance temperature field isotherms arc 
wanning (drying).
3. If a dry corc(s) remains stable or strengthens and is stationary then the storm will 
not move into the area that contains the dry core.
4. If dry corc(s) is weakening, dissipating, or moving away from its current location 
then the storm may move into the area previously occupied by the dry core.
5. If dry areas surround the storm then the storm may move slowly, become stationary, 
or move erratically and possibly weaken with die exception if all water vapor imagery 
features depicted in the radiance temperature field are moving in the same direction at 
approximately the same speed.
6. If dry core(s) and the storm are moving in die same approximate direction dun the 
storm may not weaken, may maintain its intensity, or intensify. When the features are 
moving in the same direction, they are moving with die easterlies or westerlies or with 
the same steering currents.
Step [2] Vapor Front
Note: Select vapor fronts near the storm particularly within 620 km ± 289 km of the 
storm center. Disregard the tight temperature gradient at the periphery of the storm's 
moisture unless a vapor front is determined to be located along die periphery of the 
storm.
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Note: Determine if a vapor front is stationary or if  not, dctennine (he direction of 
movement o f the vapor fronts) particularly if located within 620 km ±289 km of the 
storm center.
Note: Determine whether the vapor front is weakening, stable, or strengthening. 
Weakening = a lessening o f die temperature gradient.
Stable = temperature gradient and isotherms remain approximately the same. 
Strengthening = a tightening of the temperature gradient.
Note: Identify other more distant vapor fronts which may be moving toward the storm, 
they may affect die storm's future track at a later time.
1. The storm center wiD remain on the moist side of die vapor front
2. If the vapor front is retreating from die stonn and the area the vapor front is 
retreating from is moistening more than surrounding areas, then the storm may move 
into the area the vapor front is retreating from.
3. If a vapor front is weakening or a portion of the vapor front is weakening, then the 
vapor front or area along the vapor front which is weakening should be monitored for 
moistening which could indicate the future track of the storm.
4. If the vapor front is advancing toward the storm, then the storm will change course 
and move away from the vapor front or along the moist side of the vapor front or 
ahead of die vapor front with the exception of die merging between a storm and a 
vapor front (discussed in Step [4] Merging Storms).
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5. If the vapor front is essentially stationary and maintains its strength or strengthens 
(radiance temperature field is stable or wanning behind the vapor front), then the 
storm's movement into die vapor front will be blocked.
6. If the vapor front and stonn are essentially stationary and the vapor front 
strengthens or drifts toward the storm, then the storm may be essentially pushed by the 
vapor front and drift away from the vapor front, especially if there is a dry core 
located behind the vapor front which is moving toward the storm.
Step [3] Moist Areas
Note: Identify moist areas located near a storm and outside the storm periphery in the 
contoured smoothed radiance temperature field.
Note: Identify secondary convection centers outside the storms periphery.
Note: Determine if any moist areas near a storm are moistening (coding radiance 
temperature isotherms) or drying (wanning radiance temperature isotherms).
Note: Determine if any moist areas near a storm are expanding or shrinking in size. 
Note : Determine if any corridors o f moisture or moist tongues are extending in any 
direction from the storm and are they moistening or drying, exclude identified feeder 
hands.
1. If a moistening area or moist tongue begins to extend itself from a storm, especially 
if towards or into a secondary convection center excluding feeder bands, then the 
stonn may change its future track toward or into the moistening area or moist tongue.
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Note: The (rack change may be slow to occur (several hours) and a gradual tom rather 
than an abrupt tom may occur.
2. If a moist tongue or moistening area begins extending itself from or near a storm 
and ahead of a vapor front, then the storm's future track may be toward or into die 
moist tongue or moistening area.
3. If a moist tongue or moist area begins dissipating (warming of radiance temperature 
field), then a storm moving toward or into die moist tongue/area may change course 
and not continue tracking into or toward the moist tongue or moistening area.
Step [4] Merging Storms
Note: Identify vapor fronts located along or approaching die periphery of a storm.
1. If a storm is about to merge with a vapor front, the vapor front will be located near 
or along die periphery of die stonn, then dry air wiD begin to become entrained within 
the storm's circulation.
Note: Determine die movement of a dry area adjoining die storm and/or within die 
storm’s circulation by monitoring sequences of the contoured smoothed radiance 
temperature field images.
2. Once dry air becomes entrained within the storm's circulation, then the storm will 
weaken, dissipate, become extra-tropical, or weaken temporarily then maintain its 
intensity or begin reintcnsifying.
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Note: Dissipation of (he stonn or becoming extra-tropical is more likely to occur 
during the Fall season and the temporary  weakening then maintaining its intensity or 
remtensifying would more likely occur during die Summer season.
Following the above outlined procedures and analyzing sequences of the contoured 
smoothed radiance temperature field images should allow die determination o f the 
storm's future track in most cases. The case o f a dry environment appeared to be the 
most difficult situation to determine a storm's future track.
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CHAPTER 6. SUMMARY AND CONCLUSIONS
Data were collected for 30 Atlantic Basin tropical cyclones from the 1998,1999, 
and 2000 hurricane seasons. The stonn data used included stonn intensities ranging 
from weak tropical depressions to category S hurricanes. GOES-8 water vapor 
channel radiance temperatures were smoothed and contoured at 1° Celsius intervals to 
display a contoured smoothed radiance temperature field. The radiance temperature 
field imagery were analyzed for the 30 storms to identify and decide the relationships 
between radiance temperature field features and storm track. Radiance temperature 
field features identified through die analysis included dry areas, dry cores, vapor 
fronts, moist areas, and moist tongues.
The hypothesis that a tropical cyclone will not move toward a dry core was tested. 
Statistics were used to identify relationships between dry cores and stonn centers.
The threat score and bias score were employed to test the hypothesis that a storm 
center will not move toward a dry core. Statistical results suggested that a forecast 
that a storm center wiD not move toward a dry core is viable through a 72 hour period 
for dry cores within 620 km ± 289 km of the storm center. Characteristics of the 
moist and dry features identified in die water vapor radiance temperature field 
imagery woe developed. Relationships between the radiance temperature field 
features and storm centers were distinguished. Hurricane track affects by the radiance 
temperature field features were determined.
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The relationship between changes in the temperature o f a diy cote located closest 
to a hurricane and a hurricanes intensity level demonstrated that there is no dynamic 
link between a dry cote and a hurricane. It was determined that die dry core is a 
separate entity that does not contribute to die intensity level of a hurricane. Therefore, 
the dry core only effects the storms track.
A forecast technique is proposed that utilizes the water vapor radiance temperature 
field. The following points of The Hurricane Water Vapor Radiance Temperature 
Field Forecast Technique were separated into a 4 step analysis of the water vapor 
radiance temperature field imagery.
Step [1] Dry Core
1. The storm wiD not move into a dry core located within 620 km ± 289 km of the 
storm center.
2. If the stonn moves toward a dry core located within 620 km ±289 km of the storm 
center, that track will only be temporary with the following exceptions, if the dry core 
dissipates or moves away from its current location.
3. If dry core(s) remain stable or strengthens and is stationary, then the storm will not 
move into the area that contains the dry core.
4. If dry areas surround the storm then the storm may move slowly, become stationary, 
or move erratically and possibly weaken with the exception, if all water vapor imagery 
features depicted in die radiance temperature field are moving in the same direction at 
approximately the same speed.
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5. If  a diy core(s) and the stonn are moving in the same approximate direction, then 
the atonn may not weaken but may maintain its intensity or intensify.
Step [2] Vapor Front
1. The stonn center will remain on the moist aide of die vapor front
2. If  the vapor front is retreating from the stonn and the area the vapor front is 
retreating from is moistening more, than surrounding areas, then the storm may move 
into the area the vapor front is retreating from.
3. If a vapor front is weakening or a portion of the vapor front is weakening, then the 
vapor front or area along the vapor front which is weakening should be monitored for 
moistening which could indicate die future track of the storm.
4. If the vapor front is advancing toward the stonn, then the storm will change course 
and move away from (ahead o f ) the vapor front or along the moist side of the vapor 
front with the exception of the merging between the storm moisture and vapor from.
5. S' the vapor front is essentially stationary and maintains its strength or strengthens, 
then the storm's movement into the vapor front will be blocked.
6. S  the vapor front and storm are essentially stationary and the vapor from 
strengthens or drifts toward the storm, then the storm may be essentially pushed by the 
vapor front and drift away from the front, especially if there is a dry core located 
behind die front which is moving toward die storm.
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Step [3] Moist Areas
1. If a moistening area or moist tongue begins to extend itself from a stonn, especially 
towards or into a secondaiy convection center excluding feeder bands, then the 
storm's future track may be toward or into die moistening area or moist tongue.
2. If a moistening area or moist tongue begins extending itself from or near a storm 
and ahead o f a vapor front, then the storms future track may be toward or into the 
moist tongue or moistening area.
3. If a moist tongue or moist area begins dissipating, then a storm moving toward or 
into the moist tongue/area may change course and not continue tracking into or 
toward the moist tongue/area.
Step [4] Merging Storms
1. If a storm is about to merge with a vapor front, the vapor front wiD be located near 
or along the periphery of die storm, then dry air wiO begin to become entrained within 
the storm's circulation.
2. Once dry air becomes entrained within the storm’s circulation, then the storm win 
weaken, dissipate, become extra-tropical, or weaken temporarily then maintain its 
intensity or reintensify.
The contoured smoothed water vapor radiance temperature fiekl can be used as a 
tool to aid the forecasting of a storm's track based on the combination of the effects of 
dry cores, vapor fronts, moist areas, and moist tongues on a storm's track as 
determined from the analysis and results of the current research. The application of
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The Hurricane Water Vapor Radiance Temperature Field Forecast Technique for 
the analysis o f the contoured smoothed water vapor radiance temperature field was 
proposed to allow an analyst to forecast the future track of a storm. The forecast is 
applicable as a short term forecast The forecast may be viable for several days for a 
fairly stable atmospheric environment which was die case with Hurricane Keith 2000. 
Threat score and bias score results suggested that a 72 hour forecast would be viable.
The Technique should be especially useful for remote areas of the world that do not 
have conventional data, radar, etc or reconnaissance aircraft available to fly into and 
monitor storms. Monitoring of die contoured smoothed radiance temperature field 
images at 30 minute intervals and die utilization of The Hurricane Water Vapor 
Radiance Temperature Field Forecast Technique should allow the forecast of a storm's 
future track.
The Technique was tested for Tropical Storm Barry 2001 which threatened the 
Louisiana coastal areas. Using The Hurricane Water Vapor Radiance Temperature 
Field Forecast Technique and monitoring the radiance temperature field allowed the 
determination that the center of Tropical Storm Barry would not move inland over the 
state of Louisiana, which was contrary to NHC predictions.
The quantification of water vapor imagery allowed die visualization of water vapor 
features that are not distinguishable in non-quantified water vapor imageries which 
are currently used to observe tropical cyclones, for example dry cores. The 
identification of water vapor features in a contoured radiance temperature field
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enabled a determination o f the effects they have on tropical cyclone tracks. Study 
period characteristics were developed for relationships between the water vapor 
features and storms track. This resulted in the development of an analysis technique 
which may aid the forecasting of a storm's future track. Any research which identifies 
additional tools to aid the forecasting o f a storms future track may result in economic 
savings and a reduction in the loss o f life. Utilizing the results o f this research in 
further studies may provide additional insight into die relationships between water 
vapor features and a tropical cyclones track
Future research for the study o f the relationships between water vapor and 
hurricane track may include the following. Research the contoured water vapor 
imagery and contoured Equivalent Potential Temperature (8^) charts, at die 850 mb 
level, to determine if there is any relationship between moist areas, storm track, and 
Equivalent Potential Temperature (Oe ). Research water vapor radiance temperature 
field features and tropical cyclone intensity changes. The current research identified 
features, for example dry areas surrounding a stonn, that indicated a weakening or 
strengthening of a tropical cyclone may occur. Develop further statistics between 
water vapor radiance temperature field features and tropical cyclone centers using 
additional storm data for past and future hurricane seasons. Apply The Hurricane 
Water Vapor Radiance Temperature Field Forecast Technique to tropical cyclones 
using additional storm data o f past and future hurricane seasons for the Atlantic Basin 
and other areas of the world.
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